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GENERAL INTRODUCTION 


A (IhNKRAl. Disi’UhtiioN Dll llu' liifcnu (ion dI Walcr .111(1 Pdidus M.ilcii.il'. was 
held in tli(' I)(‘|iarlni('nt ol Idiysiih ol the I'luvci .ilv t'oUfi'r, SDUtlMTiiplDn ifiy 
kind jK>nnihhi(m ttf lYot, A. M. Taylttr) Indii ilic )i’.l M.iuh Id llic .’iid .\i*iii. 
f0<}8. In Il«‘ ahscmT ni tin* ProMdciit, IVdI. ,V. J. AUttiaud, !•’ I< S , Uic ( iiair 
was taken liy Prof. K. K. Kideal, I'Mt.S,, and later by I’rol, N. K .\d.i»i, !■' R S. 
Alxnit 1 J 5 m<'nik'r.s aiul giU'stH were iirewnt; iimnnit tlw* didiiiKiii’.lU'd i>\« jm-.i'. 
gnests IVtif. 1'". K. Kideal weleoiiietl the loIlDwing: 

Prof, and Madame j. !*'. IWJtleher (I.eiden), Or, II, (*. llniiltm.m 
(AuiKterdam), Dr. J. J, lir(«'d«>r (Ainslerdani), IVdI. Iv. I'’.iut«' I'icmict 
(Purls), Prof, and Madame J. II. v.iiideii IIdikiI (h'ldeii). Dr M jedy 
(Parw), Dr. A. Klinkenlierg (The llagiu'), Mr, K, J, Nieiiwenlniis (Dellt), 
Dr. (1. Th, Phillipjii ('I'he Hague), Dr.and Mis, I, Ra/.Duk ((’aim), Dr, Meaunr 
SUfer (Iowa I'ity), Dr, Htirje SlmilK-rg (StiMkhnlm), Dr. T. Sw.itluhk (‘Ihe 
Hague) and Dr. I. Work (MellMiurin*). 

Ik'fore tlu' DiseussiDii was formally ojH'ued, Ihe ('h.tiiman |i.ud a waitii aiid 
generous tribute to the magnilMeiit woik ol lh<- late Honorary Seiiel.iiy, Mi. 
(1, H. W, Marlow, on kdiall ol the Kaiaday Soi iety over a jieliod ol tw<-iity »uie 
yeai-s, and umnilKTs and visitors wiv invited to si.iiid in silente as a tubule 
to his int'inory. 
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I. I'IJNDAMKNTAI, ASPIiCTS 


Introductory’ Paper 
My K. Adam 

PRINClPLEsS OF PENETRATION OF LIQUIDS INTO SOLIDS 

lit'iiiml ifV/i h'fbmny, i()}.S 

Pol oils solids m.iv laiif'o in (I'Aliiri* all lla* way fmm solids whose siih- 
stanu' is impcrnieahle to li(|itid , 1ml .iie Iraverstsl hv tapillaiv (ulus of 
diameter suhstantiailv Rrealer than (lie raiifte of iiioleetilai atti.ietion, to 
soluls whieli have no tapillaiies or |)oies in (lie oidinary sense, hu( whose 
snhslanee is lapahle ol dissolvin';, nioledilailv, some of (Ii<> li(|nid. Tlic 
(heory of peiie(ia(ion into i apillaia s i, well under'«tood, at le.isi when these 
are ol approvimatelv iiniforiii Iwms When (he hole ol the i .ipillaiies 
deereuses so far that the tnole( tiles on one side hei'in to altiaet tliose on 
the other, rinht across the hote, the ptohlem ol pent liation I'ladtiallv < haut;eH 
(o the ])rohlem of solution of a li(|uid in a solid ; and the (heoiy a|*pear.s 
to be very inadetinalely tleveloped. 

In all eases, ultiinately, the penetration is umtiolleil by the aclhesion 
between inolmiles: in the ease of }«'tietration into inaeioseopie <apillath*s, 
the relative magnitudes of the atlhi’sioii of li({ind for solid, and ol the self- 
eohesion of tho litpiid, loj;ellier with the tliameter of the eapillaiies, determine 
(he effective pressure driving the liipiid iut*) the eapillaiies. When the 
bore of the eapillaries is so small that then* is appreciable adhesion betwei'ii 
the oppo.siU‘ walls, the self-i'olu'sion of the solid must also heroine iminirtant. 

Capillary Penetration 

'Pile fuiulameiilal fonmihu <ire, as is well known,* easily deduced from 
tlie existence of free .surface energy at any iuti'if.ire Indwei’ii pha.s«‘s of 
dittiTenl eoini>o.sition. 'I'liis fns* .siirfai'e energy arises fiom the inwaril 
atlraetion of the underlying molecules on tliosi* in the surface, ami since 
a surfaci‘ possessing free eiuugy eonlrucls wla'ii frei' to do so, the free surfuco 
etU'Tgy is also cidleil surfm-e tensiou, l)uprt'‘’s e<|uation, 

H'm. ys I yi, ysi.(i) 

ri'Iates the. work of adhesion ll'hi,, reijuired to separate unit area of ,soli<l 
and liiiuid in eoutaet, to tho .surfaci‘ tensions j's. yt,. ysi.i of solid, li<inid, 
and solid lupiid inlerfaee n'S|)eelively. (‘omhining with the e<iuaiion for 
ei|uim>rium for a liipiul resting at a " eoutaet angle " on tho solid, 

ys ysi. I yi, rosO . ... {i) 

Young’s equation (i«So5) 

H SI. ■ yi,(i I CO.S 0 ) . . . • ( 3 ) 

results. This gives tlic fundamoutal relation betwmi tho adhesion of liquid 
to solid, and the contact angle, showing that then* is a finite angle, if the 
adhesion of liquid to .solid, Ifsi., is Ws than tho self«cohe.sion of the 
liquid, ayi,; ami zero angle if Uio adhe-sion of Ikiuid to .solid bccome.s «iual to, 
or greater than, tho cohesion of the Iwiuid. 

‘ cp. Adam, The Phvsks and Chmiidry «/ .Siirfares (1041), pp. 17S, 41,), amt ref, 
there quotwt. 
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PENETRATION OF LIQUIDS INTO SOLIDS 

When a liquid enters a capillary of small radius, a curved meniscus will 
be set up unless the contact angle is exactly 90 °, producing a dihcrence in 
pressure Pi — Pg on the two sides of the liquid surface, 

Pj-P2 = yL(2j^+j^,J • • • (4) 

Pi, Pg being the principal radii of curvature; for a capillary of circular 
section and radius r, this becomes a " penetrating pressure " 

.... (5) 

The contact angle varies, however, with the tendency of the liquid to 
move along the solid surface, being a maximum when the liquid is advancing 
over a dry surface. Calling the “ advancing ” angle, obtained when the 
meniscus is moving slowly into the capillary, Oa. the pressure driving a 
liquid spontaneously into a capillary of circular section whoso walls are 
parallel to the axis (i.e., uniform section), is 

Pi = .... (6) 

f 

Pi is positive when the meniscus is concave, i.e., when Oa < 

For penetration, the advancing angle Oa is the relevant contact angle ; 
the pressure required to expel the liquid from the capillary is 

P^^ ay cos flu .( 7 ) 

f 

where Or is the '' receding angle made when the liquid is receding from a 
previously wetted surface. Since 6 a > Or, Po > Pil a greater pre.ssure 
is required to expel a liquid from a capillary, than the pressure which drives 
it in spontaneously. 

The difference between the advancing and receding contact angles, or 
'' hystere,sis" of the contact angle, can be large; up to 6 o® on smooth 
surfaces has been recorded and much larger values on rougli surfaces. 
Hysteresis seems to be larger for water than for organic liquids, but it 
esosts with these also. It does not yet appear fully understood ; perhaps 
there is no single explanation for all cases. Since 6 a > Or, cqn. ( 3 ) shows 
that the adliesion of liquid for the previously wetted solid exceeds that 
for the dry solid. Hysteresis has been variously ascribed to films on the 
dry surface, less easily wetted than the main substance of tlic solid, and 
removed by the liquid; to overturning of the surface molecules of tin* 
solid, to bring their more hydrophilic parts to the surface, when water 
touches the surface; and to the formation of mnlti-molecular clusters of 
liquid molecules on the solid surface, after the liquid has receded (Cassic *). 
It has long been known that the receding angle tends to decrease its the 
liquid remains in contact with the solid, probably because the solid soaks 
up or dissolves, in its surface layers, some of the liquid. Cassie ® states 
that receding angles are much more variable than advancing angles; on 
the other hand, BarteU and Wooley * found that the receding angle with 
glass or silica, and organic liquids, was easier to reproduce than the advancing 
angle. The hysteresis in the case of organic liquids and glass may well be 
due to the receding angle being that obtained when the surface pores in 
the glass are filled with liquid, the advancing angle depending on the extent 
to which these pores axe dry, or partially filled with liquid. After con¬ 
tinued heating in the presence of vapour of the liquid, the advancing angle 
tends to become equal to the receding. 

* Cassie, Tran$. Faraday See,, 1948 (this Discussion). 

* Bartell and Wooley, J. Amer. Chem. Soc., 1933, 55 . 3518. 
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The minimum contact angle obtainable is zero, and lor ‘'receding" 
angles this figure is not uncommon, though it is less often attained with 
advancing angles. The question, what is the maximum possible advancing 
angle, on a smooth surface, is an important one for all waterproofing 
problems. It is probably between no® and 120®; Ablott ^ made most 
careful measurements of the contact angle between air, water and paraffin 
wax, finding 113® for the advancing angle, equal by (3) to a work of adhesion 
of water to dry wax of ^^4-2 ergs^q. cm., at 20’ {y\ =~ 72*8). Long-chain 
compounds with polar groups at one end of their molecules, such as stearic 
acid, show angles very nearly as large (Adam and Jessoj) ^), because the 
surface consists of hydrocarbon groups, with the polar, water-attracting 
groups well buried below a layer of hydrocarbon. Baxter and Cassie ^ 
record an angle of 120® on a proofed wool fibre. Since meastirements of 
the work of adhesion between liquid paraffins and water also give values 
of the order 40 ergs/vsq. cm,, a greater work of adliesion being obtained for 
all other organic liquids, it seems unlikely that, at any rate with organic 
substances, real contact angles greater than 120® can exist. 

It is well known, however, that when the surface is rough, i.e. contains 
minute elevations and depressions, much greater apparent contact angles 
can be obtained. Coghill and Anderson ^ obtained advancing angles of 
about 160® with powdered galena thickly sprinkled on a plate, and Adam 
(1927) found a similar angle for rough surfaces of i)igment particles on a 
plate, coated with stearic acid. Conmar Robinson ^ obtains about 160® 
for the advancing angle of water on some ty]X\s of leather. Generally, 
roughness simply increases the difference between the real contact angle 
(on a smooth surface of similar attraction for water) and 90®; if the real 
angle is less than 90®, some penetration into pits occurs, so that liq^d 
touching the rough surface is in contact with liquid of its own composition, 
over part of the surface, thus increasing the average work of adhesion over 
the whole surface; if the real angle is greater than 90®, air is entrapped 
in the hollows, over which there is then no adliesion to overlying water so 
that the average work of adhesion is less than over a smooth surface. 
Wenzel ® gives the relation, 

cos 0' = <T cos 0.(8) 

0' being the apparent angle on the rough surface, and a the ratio between 
the red area of rough solid accessible to a liquid, and the apparent area, 
which expresses quantitatively the way in which roughncvss enhances the 
difference between the real angle and 90®. Baxter and Cassio ® found, for 
a (presumably smooth) proofed wool fibre, Oa — 120®, Ok 60®; for the 
comparatively rough proofed yarn, 0 a = 157"^, O'r « 20®, figures in 
excellent agreement with Wenzel's cqn. (8), putting a — 1-86. 

Cassie and Baxter ® have investigated the case of fabric.s in which 
cylindrical fibres are spaced in various orderly arrangements, with vacant 
spaces up to a few times the diameter of the fibres, showing that appiurent 
contact angles up to nearly 160® wiU be obtained on fabrics witli threads 
appropriately spaced, on which the true angle does not exceed 120®; 
apparent angles on the cloth, up to about 170®, are theoretically possible 
if the yams are rough surfaces with an apparent angle (advancing) of 150®. 
Thus by roughness in the yams, combined with accurately maintained 

* Ablett, Phil. Mae;., 1923, 46, 244. 

* Adam and Jessop, J. Chem. Soc., 1925, 1865. 

* Baxter and Cassjc, J. TeMih Inst,, 19^5, 36, 167. 

’ Coghill and Anderson, U,S. Bureau Mines Tech. Paper, 1923, 262, 47. 

® Conmar Kobmson, Trans, Para day hoc , H)4H (Ihis Discushion). 

•Wenzel, Jnd. Eng. Chem., 1936, *8, 9S8, 

Cassie and Baxter, Trans. Faraday .Sot., 1944, 40, 54O. 
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PENETRATION OF LIQUIDS INTO SOLIDS 

spacing between them in the cloth, a chemical proofing which would on a 
smooth surface give an advancing angle of, say, 113° can be made to give 
an almost perfectly water-repellent surface with advancing angle ibo^-iyo®. 
The superlative water-repellence of ducks’ feathers is due, not to any 
miraculously water-repellent wax, but to the well-designed structure in 
which the barbules are kept apart at nearly the theoretically ideal distanc<‘. 

Pores are rarely capillaries of uniform bore. An approximation to tlic 
pressure required to force water through the pores of a fiibric may be 
obtained by treating the yams as " rough ” surfaces, and using tlie ai)parent 
advancing angle 0 'a on the yam in (6) (Baxter and Cassic, also Bartell et 
Because cotton yams are rougher than those of Nylon and similar synthetic 
fibres, the same proofing gives greater resistance to water penetration with 
cotton cloth than with Nylon cloth of similar weave. 

The theory of penetration into capillaries of complex shape is difficult. 
Often aggregates of powders are treated formally as equivalent to capillaries 
and eqn. (6) and (7) used to deduce the contact angle from the observed 
pressure Pi produced by the penetrating licjuid, or Po, required to expel 

tlic liquid. An independent deter¬ 
mination of the radius r of the 
“equivalent capillary” is required; 
this may be done by measuring the 
\ viscous resistance to flow of a liquid 
\ through the thoroughly soaked pow- 
\ ^ der (BarteU, 1926, Carman “). Such 
' methods have their uses, but they 
\ \ may conceal our present ignorance 
\ of how the liquid actually finds its 
' way into the nooks and crannies of 
' \ a solid, where the pores suffer 
^ \ \ frequent and abrupt changes of 
size and shape. 

' ^ Simple geometrical considerations 
\ \ \ given below show that the pcnelra- 
y ^ V tion pressure P, will decrease, perhaps 
\ even become negative, when the 
. \' meniscus has to find its way past a 
' constriction in a pore. Fig. i a .shows 
a tube of corrugated section, for 
simplicity taken as a figure of revo- 
FiG. I a lution about the axis, the walls Iteing 

inclined at an angle 45” to the vortical 

axis. If the advancing contact angle is 45° (lower part of figure), Pt will be 

before passii^ the constriction where the radius is r, and zero after passing. If 
® > 45 ° (upper part of figure), P< becomes negative at the moment of passing, 
so that unless external pressure is applied, the meniscus will not pass the 
constriction. Fig. 1 b shows the more general case (but still a figure of revolu¬ 
tion) where the walls axe inclined at q}^ to the horizontal below the con¬ 
striction EF and at 9? 2 a-bove. Before passir^, the radius of curvature of 

tire meniscus is-=; after passing, the radius P. is-r-,,/— 

sm (Ba + ffi) , sxn (Ba — 

that the penetration pressure changes from £.1) to 

t 

Bartell, Purcell and Dodd, Trans, Faraday Soc,, 1948 (this Discussion). 

“ Carman, Trans, Faraday Soc,, 1948 (this Discussion). 
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_ 2y_sin (Oa—J’ a) qjj passing the constriction. P* becomes negative if 

T 

6a > This effect of constrictions is analogous to the " edge effect 
found by Coghill and Anderson in flotation of solids of angular shape (cp. 

I 

I 


I 

I 

1 



ref. p. 194); but the constriction need not be sharp, as the effect depends 
on the slopes (pi and (p^oi the walls, not on the abruptness of change of slope. 

I can attempt only qualitative considerations on the mechanism of pene¬ 
tration, when the bore of the capillaries is small enough for the attraction 
of the walls to extend right across them. Liquid in the pores will every¬ 
where be within the range of attraction of the walls. The question whether 
the surface tension has its normal value in such a capillary has been discussed 
in connection with capillary condensation,but no definite conclusions 
appear to have been reached. The following considerations indicate that 
the potential energy of a molecule in the surface of a liquid, in a very narrow 
tube, will be less than in a free liquid surface. The surface molecule A 
(Fig. 2) is attracted inwards by the liquid below it in the tube, and this 
attraction is presumably the same as that from a 
similar column of free liquid. Tliere is also the 
downward attraction of the solid walls below the 
level XY of the surface molecule A, and the upward 
attraction of the walls above XY, which cancel each 
other in a vertical direction. Hence the work 
required to bring A from the interior of the liquid 
to the surface is less than in a free liquid surface, 
by the attraction which would be exerted down¬ 
wards on A, by liquid in the space actually occupied 
by the Walls of the tube below XY. Hence the 
surface tension is decreased by the attraction of the 
walls of the tube. 

In such a very narrow tube it is diSicult to speak of a definite contact 
angle, since the kinetic agitation of the liquid surface must make the surface 
indefinite in position to one or two molecular diameters, which is the same 
order of magnitude as the range of molecular attraction and therefore as 

“ Brunauer and Emmett, Adsorption Gases (1943), Vol. I, 126. 
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the diameter of the tube (a horizontal line is therefore used iu Fig. 2 to 
suggest the level, though not the probable form, of the surface). Eqn. (5) 
for the penetrating pressure seems to lose its meaning owing to the 
indeiiniteness of B. 

Diffusion of molecules along the walls of extremely narrow tubes, within 
the range of molecular attraction, probably plays an important part in 
penetration into pores of this order of magnitude. Barrcr brings (‘videnc'c 
that the rate of penetration of giises into zeolites, where the port's are of 
molecular dimensions, is controlled by surface cliflusion on the ])orc walls. 
Stamm uses a similar conception to describe the movement of water in 
wood. Penetration into very narrow pores may cause them to widen, Jind 
Hirst suggests that this may be one of the causes of hysteresis in adsorp¬ 
tion (hysteresis of the contact angle may well be another). If the liquid 
(or vapour) entering the pore wedges the walls open so that, when full, 
the walls are beyond each other's range of attraction, the entering liquid 
must do work in overcoming this attraction between solid walls. This 
work is not recovered, at least with rigid walls, on removal of the licpiid 
or vapour adsorbed on ^e solid walls. Charcoal expands when adsorbing 
gases : Bangham ascribes this to the surface pressure of mobile adsorbed 
films in the charcoal pores, these films being of the “ gaseous " tyi>c. There 
is plenty of other evidence tliat adsorbed films, if held by van dcr Waals' 
forces, are very mobile. 

When there is appreciable penetration of the liquid, by molecular solution, 
into the walls of the pores, one may anticipate that a liquid will tend to 
form a smaller contact angle mth. the walls than if there were no such 
“ soakmg " into the walls; this will assist penetration along the porCvS, 
according to (5). When definite pores are absent, and penetration is wholly 
by molecular solution, the attraction between solid and liquid molecules 
must be great enough to separate liquid molecules from each other, and lo 
achieve some de^ee of separation also of the solid molecules from each 
other as the liquid molecules penetrate between them. 

How far the secretion " of water, or maintenance of a definite gradient 
of thermodynamic potential (or concentration or pressure), with movement 
of water against this gradient, will prove to be explicable in terms of the 
prmciples applicable to non-living pores, is difficult to predict at present. 
Several mstances of such water secretion arc described in this Discussion. 


Addendum to Paper (communicated, I2lh April, 19^8). 

By polymerising methyl methacrylate round a Zn former, and dissolving 
out the Zn with HCl, a tube with zigzag walls similar lo that in J^'ig. i was 
ma^; the minimum radius r was 0*133 cm. The angle qpj, and <p. were 
each alwut 47°; the advancing contact angle B, on a flat plate of this 
^ The penetrating pressure before passing a 

constoction, calculated according to the formula in the paper is 802 : after 
passmg, -,665 dynes/sq, cm. The difference is 1467 dynes/sq. cm., about 
15 mm. head of water, assuming the normal surface tension of water. When 
™ tube were dry, and a reservoir of water communicating 
^^ gradually raised, the meniscus 

m the tube rose rapidly to the first constriction, then stuck; on raising 
the reservoir about 10 mm., the meniscus passed at once to the next higher 

^ 944 . ip.^06, 555 ; 1943 (this Discussion). 

11 Tfons^ Faraday 1948 (this Discussion), 

1» *94^(this Discussion ).' 

“.Si, >47. 
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constriction. The rise continued in this jerky manner, from constriction 
to constriction, right up the tube. The diftercnce between the experimental 
value of 10 mm,, and the calculated value of 15 mm. may possibly have 
been due to contamination decreasing the surface tension of the water in 
the narrow tube. 


CONTACT ANGLES 
By a. J 3 . D. Cassie 
Received 2 ^th January, 1948 

1. Contact Angle and Surface Structure 

When a drop of liquid is placed on a solid surface it may remain as a 
drop of finite area, or it may spread indefinitely over the surface. The 
condition for spreading is that the energy gained in forming unit area of 
the solid-liquid interface should exceed that required to form unit area of 
the liquid-air surface; or if ysA is the solid-air interfacial energy, ysi, is 
that of the solid-liquid interface, and yu, is that of tlic liquid-air interface, 
then for spreading: 

ySA - ySL > /LA . • • • (i) 

When this inequality is not fulfilled, the drop rem<iins finite in size and an 
equilibrium contact angle exists. The condition for equilibrium requires 
that, in the absence of gravity elfects, the contact angle 0 between the 
liquid and the solid surfaces is given by ^: 

= .... (2) 

Yla. 

Eqn. {2) shows that the cosine of tlie contact angle gives tlac ratio of 
the energy gained in forming unit area of the solid-liquid interface to that 
required to form unit area of the liquid-air interface. It should be emphasised 
that (a) is a geometrical relation, and the unit areas are plane geometrical 
areas. 

The surface area of a liquid-air interface is unique and may always be 
identified with its plane geometrical area, but tlie surface area of a solid- 
liquid interface dc^nds very much on the condition of tlie solid surface. 
Thus, if a solid surface is roughened so that unit plane geometrical area 
has an actual surface area a times that of the “ smooth ” surface, the energy 
gained in forming the solid-liquid interface will be ff(ysA— yst). and the 
contact angle, B', for the rough surface will be given by *: 

cos 0'.... (3) 

ytA 

The angle 0 ' has been termed the apparent contact angle in contrast 
with the " real angle Q of eqn. (2), because close inspection of a rough 
surface would always reveal the "real" contact angle on any element 
that could be regarded as smooth. It might thus be said that any surface 
has two advancing and receding contact angles, the apparent angles which 
are shown on casual inspection of the intersection of the solid and liquid 
surfaces, and the real ” angles seen by a close inspection. The measure¬ 
ment of contact angle is, therefore, somewhat arbitrary, for one might 

1 Adam, The Physics and Chemistry of Surfaces, 3rd ed. (Oxford, 1941), p. 179 

* Wenzel, Ind. Eng, Chem. 1936, a«8, 988. 
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pursue tills uxg^ument to nioleculur dimensions when the surfjicc would 
appear rough and heterogeneous. Fortunately, for practical purpo.scs, it 
is possible to have a reasonable division of surfaces into " smooth ” and 
" rough ” and so attach some meaning to tlie “ real ” and “ apparent ” 
contact angles, but unless the smooth surface is a reproducible one, the 
" real ” contact angle will not be reproducible. It i.s doubtless tlu' difficulty 
of reproducing a “ smooth ” surface that gives rise to so many dillcroni 
published values for the contact angles of a given licjuid and solid. 

Despite the uncertainty of absolute values of contact angles, eqn. (2) 
and (3) do give a useful relationship between measurable roughness and 
contact angip . Thus, a contact angle of more than 90° is increased by 
roughening the surface, and one of less than 90° is ]cs.scned by roughening. 

The anal ysis for a rough surface is readily extended to heterogeneous 
surfaces. If unit geometrical area of a surface has an actual surface area Oi 
of contact angle 61, and an area of contact angle (?j, the energy E 
gained when the liquid spreads over the unit geometrical area is 

E = OiCysiA. — ysjt) + ffa(ys,A — ys,L) 

WTiere ys,A. and ysxL are interfacial solid-air and solid-liquid tensions 
for the ffi areas, and ys,A and ys,L are the interfacial tensions for the 
oTj areas. The contact angle fl" for the composite surface is given by : 

COS 0 '^ —+ 0^2 cos O2 . . . (4) 

The most important heterogeneous surface in practice is tlic porous 
surface. In this case the solid surface area is 0*1, and represents air 
spaces; ys,A is then zero, and ys,L becomes or 

cos 0" == cTi cos 01 — ^2 . . . . (5) 

Eqn. (5) has already been given ® and a number of applications have been 
discussed.^ It is an equation that can be verified experimentally, and it 
appears to fit empirical data well to within the limits of error.® The 
presence of pores, represented by <r2, always increases the contact angle 0", 
and it is possible to have apparent contact angles as large as 150° when the 
“real'* contact angle is around 90®. The equation is parth'ularly useful 
in discussing natur^ and artificial porous clothing surfaces, where tlie aim 
is to make 0*3 as large as possible consistent with rain droj>s failing lo penetnile 
the structure. 

2. The Problem of Receding Contact Angles 

The theories of contact angles for rough and heterogeneous surfac'cs are 
essentially geometrical, and they can be used for capillary cahmlalioUvS 
that would otherwise be intractable. Calculation of the pressure r(‘(|iure(l 
to force water between the yams in a fabric is an example of 11 ui u.se of 
eqn. (5). It is a veiy complex problem when considered in tenns of tlie 
contact angle of individual fibres, but it is relatively easily solved by use 
of apparent contact-angle methods.^ The calculated pressure in this case 
agrees to within the liimts of error with the measured penetration pressure. 

It is, of course, only the advancing contact angle that is involved in 
penetration pressure and, in general, problems that involve only the advancing 
contact angle appear to give agreement of theory and experiment. Tlie 
receding contact angle cannot be used with the same confidence, and it is 
probably true to say that no phenomenon in textiles ‘tiiat involves receding 
contact angles has been satisfactorily explained. The source of the difficulties 

* Cassie and Baxter, Trems. Faraday $00.^ 1944, 4 ^# 54 ^* 

* Baxter and Cassie. J, Text. Inst., 1945, 36, T67. 
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with receding contact angles is easily traced: it is their instability; the 
fibre-water receding contact angle may have one value on first contact 
with water, but this value decreases rapidly with continued immersion of 
the fibre in water. 

The instability of receding contact angles is the real bar to progress in 
the theory of water repellcncy, and it may be worth while discussing once 
again the problem of the difierence between the advancing and n^ceding 
angles. The t5^e of surface that gives finite contact angles is of considerable 
importance in this respect. The work of adhesion W of the liquid to the 
smooth solid is given by ^ : 

W = yLA(i -f- cos 0) . . . . (6) 


and one notes that when 0 is finite, W is less than 2ytA, or the work of 
adhesion is always less than that of liquid to liquid. Condensation of the 
saturated vapour in a form identical with the bulk liquid would not be 
expected unless W was equal to, or greater than, 2yLAi or unless 0 was zero. 
But it is well known that vapours are adsorbed on to surfaces that sliow 
finite contact angles, and the liquid must show its finite contact angle 
against the adsorbed layer rather than against the clean solid surface. 
Bangham and Razouk ® have discussed contact angles from this point of 
view, and pointed out that the adsorbed films must be dilicrcnt from the 
liquid in bulk. 

The isotherms of the vapour molecules adsorbed on to finite contact- 
angle surfaces are usually of the sigmoid type, which are now identified 
with multimolecular adsorption. This adsorption postulates low-energy 
localised sites, so that at low vapour pressure, molecules arc adsorbed 
exothermically on to the sites ; ns the vapour pressure increases molecules 
are supposed to condense on to those already in the low-energy sites, giving 
rise to multimolecular adsorption, which is in excess of the Langmuir 
adsorption. The problem of multimolecular adsorption is to account for 
the excess condensation. If the contact angle is finite, the avercige work 
of adhesion must be less than that of liquid to liquid and condensation 
could not take place at saturation or lower vapour pressures without an 
increase of entropy compared with that of the liquid in bulk. The incretisc 
of entropy comes from the distribution of the adsorbed molecules. If 
X molecules of a total number N, ^irc adsorbed singly on to localised sites, 
their partition function is ® : 

“ (B - jf) I'iST I ® J • • ( 7 ) 


Where B is the total number of localised sites, £4 is the potential energy 
of an adsorbed molecule relative to one in the bulk liquid, and js is the 
partition function for a molecule in a site. 

The partition function for the {N —• X) condensed or liquid " molecules 
is ®: 


(N - X) I {X-I) I 





( 8 ) 


Where Ei is the potential energy of a condensed molecule relative to one in 
the bulk liquid, and jt is its partition function; % is usually assumed to 
be identical with that for a molecule in the bulk Uquid. 


® Bangham and Razouk, Tfms. Fafaday Soc,, 1947, 33 * I 459 * 
® Cassie, Trans, Faraday Soc , 1945, 4*, 450. 

’ Cassie, Trans, Faraday Soc,, 1917,43, 615. 

® Anderson, J. Amcr, Chenu Soc,, I94(>, 68 , 688, 

• Hill, 7. Chem, Physics, 1946,14, 263. 
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The increase of entropy for the adsorbed molecules comes from the 

(iV - I) * 


configurational partition function 


{N ^X)\ {X - I) ! 


of the liquid ** 


molecules. This function represents the number of ways that {N — X) 
identical molecules can be divided into X separate compartments with no 
restrictions as to how many there are in any one conipartincnt. The 
essential point for the present discussion is that the compartinc*nls must be 
separate : or each com])artment must ro]>rcsent a clist inc t <'1 usI<t of inol(‘( tiles. 
If tlie compartments arc not distinct, and they are not distinct in a ('ontinuous 
film, the configurational partition function ])ecomcs unity, and tlu‘ molecules 
will evaporate when is positive, which is the requirement foi the t‘xistenc(» 
of a finite contact angle. Hence, any multimolccular layer on a suif«\t'e 
which shows finite contact angles must be in the form of distinct clusters 
of molecules ; it cannot be a continuous film. 

The surfaces immediately ahead of an advancing contact angle and behind 
a receding angle are, therefore, heterogeneous: they consist of clusters of 
liquid separated by areas of liquid-repellent solid surface. The observed 
contact angle will, therefore, be a composite one of the form 0 *^ given by 
(4), The contact angle with the clusters will be zero, and that witli 
the solid surface 6 2 ^2Ly have any large value; there is, in fact, no 
theoretical objection to 62 being 180°, or to W of eqn. (6) being zero for 
the areas of endothermic reaction of the liquid with the surface. 

If this description of a surface adjacent to a contact angle is correct, 
the diflcrence between the advancing and receding angles must be due to 
different values of and a 2 for an unwetted surface and for one from which 
a liquid is receding; or the size of the liquid clusters must be different 
for the two surfaces when exposed to saturation vapour pressure. Now, 
eqn. (8) does show that such a difference is possible at one vapour pressure, 
or at one value of Ql ] for El contains the surface energy of the clusters 
which will depend on their size, and it also contains the entropy term whicli 
depends on the number of clusters. If the receding liquid leaves some 
clusters which cover more than one localised site, the average size of the 
clusters will be increased, El will be decreased, and the corrc.sponding 
increase in Ql will be compensated by the reduction in the number of clusters, 
which reduces the configurational entropy term. The larger clusters will 
require a greater adsorption of molecules, which corresponds to the well- 
known adsorption hysteresis effect, and they will give larger values of Ci 
and smaller values of erg. Thus, a liquid advancing on to a dry surfac'(^ 
may encounter a large number of small discrete clusters which give a small 
value of 0*1, whilst a receding liquid may leave large clusters with a com¬ 
paratively large value of 0*1; the advancing contact angle will, tliercfore, 
be large, and the receding one small. 

This is, of course, very much a qualitative description of tlic difference 
between advancing and receding contact angles, and it is essential to deter¬ 
mine whether or not the terms in eqn. (8) have the magnitudes necessary 
for the proposed mechanism. El can be deduced from the adsorption 
isotherm, and Anderson ® gives values rangii^ from 175 to 300 cal./molc 
which are of the order of magnitude one might expect from the surface 
energies of clusters, each containing a few molecules. El for water adsorbed 
by keratin is 550 cal./mole, but this value is complicated by the swelling 
energy of the keratin.^® The average size of the clusters at saturation 
vapour pressure can also be deduced from the isotherms,'^ and they may be 
shown to range from 2 molecules per cluster for water adsorbed by keratin 
to 5 per cluster for water adsorbed by TiOg.® The clusters are, therefore, 

Cassie, Symp, Soc. Dyers Col, (Bradford, 1946), p. 90. 
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quite small and their surface energies should be large as is indicated by 
Anderson's data. 

The configurational entropy contribution to the free energy Fm is given 
by the negative of the logarithm of the appropriate terms in (8) or, neglecting 
unity in comparison with N and X, by: 

^ - N log N+{N- X) log {N - X) 1- .Y log X . (9) 

If X is —N, so that each cluster contains on the average a molecules, the free 
a 

energy per mole is given by: 


RT 




(10) 


Eqn. (10) gives FmIX as — 415 cal./mole at 300® K. for 2 molecules per 
cluster, — 335 cal./mole for 4 per cluster, and — 305 for 5 per cluster. 
These values do not balance the potential energy term E;. because of other 
factors in the partition function expressions (7) and (8), but they are of 
the same order of magnitude, which is what is required for diitCTont sizes 
of clusters to give the same value of the free oiKTgy per mole. Thus, 
increasing the cluster size fiom 4 to 5 increases the frc'o enoigy by 30 cal./mole 


so far as configurational entropy is conc'erued, whilst the surface eneigy 
might be expected to decrease to of its original value ; if the original 
value was 300 cal./molc, the value at 5 molecules per cluster would be 


265 cal./mole, or the decrease in free energy due to the increase in cluster 
size would be 35 cal./mole, which very roughly balances tlie increase due 


to the configurational change. 


It might be thought that this argument could be extended to give one 
cluster, or a continuous film of adsorbed molecules ; but one notes that the 
absolute value of the configurational entropy term is generally larger than 
the energy term, El ; one cluster would reduce tlic entropy term to zero, 
whilst El can not be reduced to zero, so that a continuous film is not a 


possible state of the system. 


One concludes that at satiuation vapour pressure, the adsorbed molecules 
can vary in extent by Jissuming a number of cliiferent configurations which 
all lead to one value of the free energy per mole, and arc, therefore, possible 
states of the system. If adsorption is obtained by increasing the vapour 
pressure, one cluster will form at each occupied localised site, and the 
configuration obtained at saturation vapour jjrcssiire will be unique; 
correspondingly, the advancing contact angle for a " dry " surface shouhl 
be unique. But, when the liquid recedes from the solid surface, it may 
leave clusters which on the average cover more than one site ; the amount 
adsorbed will then be greater than tliat on the surface ahead of the advancing 
contact angle, and 0*1 will be greater behind the receding angle than aliead 
of the advancing one, giving a small receding contact angle. There docs not 
seem to be a unique configuration for the receding system, as one value 
of the free energy per mole can be obtained from a range of configurations; 
hence, the receding contact angle will not have a unique value, and tliis is, 
in fact, its most troublesome experimental property. 

My thanks an* due to Mr. B. IL Wilsdon, Director of Research, for his 
interest in this work, and to the Council of the Wool Industries Research 
Association for permission to publish this account. 
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Summary 

The relationship of contact angles to surface structure is outlined. The diiference 
between the advancing and receding contact angles is discussed in tcinis of the motlern 
theory of multimolecular adsorption; this theory indicates that the advancing angle 
will be unique, whilst tiie receding one will generally be less than the advancing angle 
and need not have a unique value. 
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THE SPREADING OF A LIQUID OVER A ROUGH SOLID 
By R. Shuttleworth* and G. L. J. BAiLEYf 
Received zy^d February, 1948 

The spreading of a liquid over the surface of a solid is a complex 
phenomenon; the final position of the liquid at rest depends not only upon 
the surface energies of the liquid, the solid and the solid-liquid interface, 
but also upon the roughness of the surface and the manner in wliich the 
liquid is placed on the solid.^ ® Experimentally, spreading is studied by 
measuring the variation of the apparent contact angle the angle between 
the general directions of the liquid and solid surfaces. If the solid is rough, 
this is different from the true contact angle 0, the angle between the liquid 
and solid surfaces at a particular point in the line of contact. In general, 
even when the liquid is at rest, the static value of the apparent contact 
angle cp^ depends upon whether the liquid has reached tliis position by 
advancing or receding over the solid, the advancing being always greater 
than the receding contact angle. The difference in the two values is called 
hysteresis, 

Wenzel * was the first to discuss the influence of roughness on apparent 
contact angle. Hysteresis of the contact angle has previously been attri¬ 
buted to the adsorption on the solid, either of tlie liquid * or of a lay(*r of 
foreign molecules.® In this paper the problem of the spreading of a liquid 
over a rough solid is considered in detail and it is shown that hysteresis of 
the contact angle will arise merely because of the inevitable roughness of 
solid surfaces and that it is not necessary to invoke any special meclianism 
of adsorption to explain it. However, in particular systems it is probable 
that adsorption contributes to hysteresis, and that the relative importance 
of the two effects can only be decided by experiment. 

If gravity is neglected, the final position of the liquid at rest is one of 
stable or metastable equilibrium in which the total surface energy of the 
system is a m i n i m um. Because of fluidity it is also necessary that the 
surface energy of the liquid surface (proportional to the area) be a nunimiim, 
subject to the constraints that the liquid volume be constant and that the 
liquid remain in contact with the solid over a certain (not necessarily plane) 

1 Adam, Physics and Chemistry of Surfaces (Oxford, 1941). 

* Burdon, Surface Tension and the Sheading of Liquids (Cambridee. 104.0^ 

« Wenzel, Jtxd, Eng, Chem,, 1936, 98, 988. 

^Bartelland Wooley, /, Amer, Chem, See,, 1936, 55, 3515, 

» Langmuir, Science, 1938, 87,493, 

♦ H. H. Wills Physical Laboratory, Bristol University, 
t British Non-Ferrous Metals Research Associatiou. 
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domain. The shape of llie surface ABC, Fig. i, which has the minimum 
area subject to these constraints, is obtained from the consideration that 
for any small arbitrary change of shape brought about by the elements of 
area dA being displaced in the directions of their normals by amoimts d», 
the total change of area is zero for a minimal 
surface or, 

■ f <L 4 .d» = o. 

J J J \^i ^a/ 

and rg arc the principjil radii of curvature 
at the point dA and tlie integration is carried 
out over all the liquid surface. However, 
since tlie total change of volume is zero, 

J J J d .4 . dw = o. 

Hence the minimal surface satisfies the differential equation 

const.(i) 

Thus, if the volume of the liquid and the domain over which it is in contact 
with the solid are specified, its surface is completely defined. 

Similarly, when the drop is in equilibrium with the solid, any infinitesimal 
displacement of the line of contact of the three interfaces must i>roduce 
zero change of energy. When the position of a portion of liquid-gas inter¬ 
face is changed from the equilibrium position BC to BD by rotation through 
an angle dfl, the decrease of volume being compensated by a corresponding 
increase over BA, the total cliangc of surface energy is zero. If curvature 
perpendicular to the plane of the paper is neglected 

Ssy 5 l, 5 sl being the energies per unit area of the solid, liquid and solid- 
liquid surfaces respectively. The position of B is arbitrary and therefore 
BC/AB can tend to zero and the final term be neglected. The equilibrium 
condition then reduces to 

5 s = SsL + Sl cos Oii . . • . [2) 

If a volume F of a liquid is placed [on a smooth plane solid withjwhich its 
angle of contact is 0 e, equilibrium occurs when (1) and (3) are satisfied 
simultaneously. This is a spherical cap whose height h and radius tx are 
given by 

V = y a) and A = rjx-co$ 0 z 

When a liquid is at rest on a rough solid, eqn. (i) and (2) must still be satisfied 
at all points on its surface and at the line of contact. In general, this 
necessitates that near the solid the liquid surface be ragged; but at distances 
from the line of contact large compared to the wavelength of the solid's 
roughness, the liq^uid surface will be smooth and inclined at an angle tpE 
to the general direction of the solid surface. The value of the contact 
angle measured on a rough solid is q>B ; and by an extension of the previous 
treatment, the value of <pE which g^ives the absolute minimum of tiie total 
surface energy is readily found. In Fig. 2, B represents a line on the liquid 
surface whose distance from the solid is so large that here the surface is 
smooth. When <pE corresponds to minimum totd surface energy the change 
of energy on displacing the surface from BC to BD is zero, the distance CD 
is supposed smml compared to BD but large compared to the dimensioned 



Fig. I. 
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of the roughness. The change in energy of the liqmd ax^es almost cntmely 
from the change of area of the smooth portion of its surface (BD ^ BC ) 
per unit length. The increase in the solid-liquid mtcrfacc after tins dis¬ 
placement is rCD per unit length, where r is the ratio ^ true to apparent 

surface area of the solid. By the same argu¬ 
ment as is used to derive cqn. (2), 

C 

or cos (J9£ = r cos Oij, . (3) 

This formula was first derived, but in a less 
rigorous manner, by Wenzel.^ Cassie and 
Fig 2. Baxter ® pointed out tliat when the true angle 

of contact was greater than lic[uid did not penetrate into the 

concavities of the roughness and that in this case Wenzefs formula must 
be modified by the inclusion of a further term. 

When a liquid is placed on a solid surface so as to cover an arbitrary 
domain, the liquid-gas surface rapidly assumes a shape which satisfies (i). 
Then in generi, 0 the angle between liquid and solid docs not satisfy (2) 
and the liquid spreads or recedes so as to cover a different solid domain, 
the liquid-gas surface continuing to satisfy the different^ eqn. (i), but with 
different boundary conditions. Movement continues until simultaneously (i) 
is satisfied over all ihe surface and (2) over the line of contact at the edge 
of the solid domain. This will be an equilibrium position of minimum 
total surface energy, but it need not necessarily be the absolute minimum 
for which the apparent contact angle is given by (3). Subsidiary minima, 
as well as the absolute minimum, can exist so tiiat positions of metastable 
as well as stable equilibrium are possible. 

Two-Dimensional Roughness 

Although, on solids whose roughness is of such a nature that metastable 
equilibrium is excluded, (3) gives the general direction of the liquid surface 
not too near the solid, the shape of the liquid surface in the immediate 
vicinity of the solid must depend upon the particular form which the rough¬ 
ness takes. In order to obtain a detailed picture of the shape of the liquid 
surface in the immediate vicinity of a rough solid, and to understand the 
processes of spreading, it is best to consider initially two-dimensional 
roughness; this has the form of a series of parallel grooves separated by 
ridges. Spreading over such a surface is anisotropic and will be discussed 
for directions parallel and perpendicular to the grooves. 

(a) Spreading Parallel to the Grooves.—A liquid rises or falls in 
a capillary tube according to whether its angle of contact with tlic tube is 
greater or less than 90® ; the height of rise or fall is limited only by gravity. 
A drop of liquid placed on a smooth solid in which there is a groove bcliaves 
in a similar manner: if, in equilibrium, the angle of contact is acute, a 
tongue of liquid will extend from the drop along ihe groove; if the angle of 
contact is obtuse, the reverse will occur and the liquid surface will be dented 
and not extend so far in the groove as it does on the smooth surface. The 
exact form of the tongue or dent will depend upon the geometry of the 
cross-section of the groove, but the deeper and narrower the groove, the more 
nearly it approximates to a capillary tube and the greater the effect. For 
small contact angles the liquid will flow to an unlimited length along the 
groove; when the angle is large and the groove deep and narrow, the liquid 
wfll nowhere touch the bottom. 

• Cassie and Baxter, Trans, Faraday Soe„ 1944, 40, 546. 
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This behaviour is best illustrated by considering? the matliematically 
simple case in which the groove luis the form of an isosceles triangle of hciglit 
h and basal angle {iiSo‘' -- ay). 

When a large drop rests on such a groov(‘, Ihe surface of the tongue of 
liquid must have an a]iproxiniatcly zero curvatun' ispial to that of the 
remainder of the drop, and be inclined at the t>quilil)riuni angle of contact 
to the walls of tlu‘ groove. A solution whicli .siilislies tliese cemditions is 
that of a ])lanc inclineil to tlic horizoutsd at an angle u where 

cos n =- cos Oi: sec xp 

This is not the complete solution because the plane would not join smoothly 
with the remainder of tlic drop : it seems that most of the tongue will have 
this form, but whore the tongue merges into the drop the surfaces will 
have equal and opposite curvatures in perpendicular directions. The 
approximate length of the tongue is: 

* ■ 
tana 

Because of the definition of xp, tan xp is always positive so that the sign of I 
depends only upon whctlicr Oji is acute or obtuse. Wlien Ob is acute, the 
length of the tongue increases as xp increases (as the groove becomes sharper) 
until when it becomes equal to 0 the liquid spreads continuously up the 
groove to a length determined only by gravity. 

When the solid is completely covered by identical isosceles grooves, the 
form of the liquid surface in the grooves and near the solid is that of a plane 
inclined to the horizontal at an angle a. This is otherwise obvious from 
(3), for with tliis t5q)e of roughness, r == sec y). 

When the solid surface contains only occasional grooves connected by 
plane portions, the presence of tongues makes the liquid surface near the 
solid ragged. The apparent angle of contact in the grooves o is less than that 
on tire plane portions of the solid, but further from the solid the liquid 
surface is smooth and has a slope, intennediate between a and 0 , given by (3). 

In general, the section of the groove is not an isosceles triangle, but it can 
be regarded as being derived from one of angle xpmax. by a rounding of the 
comers, xpnua. is the maximum slope of the side of the groove. Because 
r, the roughness ratio, is loss than sec xpmx. this form of groove causes a smaller 
change in the apparent contact angle than does the corresponding triangular 
groove, and tlie tongues of liquid extend to a smaller distance in the grooves. 

(b) Spreading Perpendicular to the Grooves.—In this case the 
line of contact is rectilinear and moves in a direction perpendicular to the 
length of the grooves. The problem is tlie spreading of an infinitely long 
cylinder of liquid, placed on a grooved surface with its axis parallel to the 

^ooves. Initially, the angle <p between the 
liquid and the general direction of the solid is 
iSo", the liquid spreads so as to reduce <p, but 
for each value of q> the liquid surface remains a 
cylindrical segment. As spreading progresses, 
the he^ht of the segment decreases and the 
radius increases. Fig. 3. 

The roughness of the solid, i.e., the presence 
of grooves, causes the true contact angle 9 to be less or greater ^an the 
apparent angle f, according to whether the gradient of the soM at the 
line of contact is the same as, or opposite to, that of the liquid surfitce 
(Fig. 4, points A and B). The nature of the roughness is speofied by the 
angles xp' and xp, the inclinations which the positive and negative slo;^es of 
the grooves make with the general direction of the solid. The maximum 



Fig. 3. 
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angles of slope are and y'max. and the roughness is supposed to be 
such that these are always less than 90°. The true contact angle of the 
liquid with the negative dope is 

0 = ^ — y, 

and with the positive slope 

0 = ^ 4. y'. 

As the liquid spreads, the apparent contact angle, 75, decreases niono- 
tonically; 0, the true contact angle, has superimposed upon this same mean 



decrease a periodic variation of amplitude 7 )max. + which occurs 

each time the line of contact moves over a wavelength of roughness. 
Spreading ceases when 0 falls to its equilibrium value Oe, and this first occurs 
when 

== 0E + ^max. • • • • ( 4 ) 

The line of contact is then at that portion of a groove where the gradient is 
a maximum; and the apparent contact angle is greater than the true contact 
angle by an amount y)max. This value of 7? is not the same as that predicted 
by (3)* although this is a minimum of the total surface energy, it 
is a subsidiary rninimxim of metastable equilibrium. 

If the liquid be spread over the solid by some mechanical means, the 
apparent contact angle 7? may be reduced to such an extent that the true 
contact angle is less than its equilibrium value 0 e. The liquid then spon¬ 
taneously recedes until 0 increases to Oe- During recession the apparent 
contact angle increases monotonically whilst the true contact angle has 
superimposed upon this mean increase a periodic variation of amplitude 
yjmax, + vWx. Recession ceases when the true contact angle first reaches 
its equilibrium value and 

9E = Oe y max. , . , . (5) 

The line of contact is then at a portion of the groove where the gradient is a 
maximum, and the apparent contact angle is leas than the true by an amount 
V^'max. This is another position of metastable equilibrium. It is therefore 
clear why on such a surface the advancing is greater than the receding 
contact angle, the hysteresis being + V'max. 

Other positions of metastable equilibrium occur for values of 7 ?k between 
the extremes of advancing and receding contact angle, but tlicse cannot 
arise from the spontaneous spreading or recession of the liquid, but only 
from some form of mechanical spreading. 

Eqn. (4) and (5) are respectively the boundary conditions for the surfaces 
of the advancing and receding liquids, for they define the gradient of the 
surface at the hue when it intersects the steepest portion of the groove. 
When the advancing apparent contact angle is obtuse or the receding 
apparent contact angle acute, (4) and {5) are not always applicable ; for there 
is the possibility that the planes defined by them could not form part of tine 
liquid surface because they intersect the next ridge, as at C, Fig. 4. When 
this is so, the first positions of equilibrium will not be given by (4) and (5), 
but the advance or recession of the liquid will continue beyond this with 
the corre^onding decrease or increase of the apparent contact angle. The 
final position of the liquid at rest will be the first metastable equilibrium 
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position for which the predicted boundary conditions arc such that the 
liquid surface clears the top of the next ridge. This will be for the advancing 
liquid when 

<p\ — On 1 y»i. 

and for the receding Iwiuid when 

<Ph — On 

where and yu, are the gradients of the groove at the place wlien^ the 
liquid surface meets the solid, tiny are less than the maxiiuuni gradients. 

In order that a large hysteresis exist between the advancing and tlie 
receding apparent contact angles, it is not sufficient merely to in< rcase the 
maximum gradient of the groove; it is also necessary that the sides have a 
large gradient at a place whose distance from the top is small compared 
to the groove width. When the grooves are narrow at their points of greatest 
gradient, y^E + y^n will be small and there will be only small hysteresis. 

Three-Dimensional Roughness 

The roughness on the surface of a real solid will not be in the form of 
grooves but will probably be isotropic with the same ])roperticb in all 
directions. Two limiting forms of such surface texture occur: a plane 
covered by an array of hills standing on equal s([uare bases, and the 
corresponding female surface of a planc^ covtTcd by an array of square 
hollows. Spreading on the latter kind of surface would be of the same 
nature as spreading perpendicular to the grooves in the two-dimensional 
case; the angle of contact would be greater or less according to whether 
the liquid was advancing or receding. This hysteresis is greatest when the 
ridges between the hollows are steep and the widths of the hollows large 
compared to their depth. 

Spreading on the noale form of surface, in which valleys exist between 
the hiUs, is analogous to two-dimensional spreading parallel to the grooves; 
positions of metastablc equilibrium do not arise, the apparent contact 
angle is given by (3) and is peatcr or less than the true contact angle accord¬ 
ing to whether the latter is obtuse or acute. Spreading will occur in the 
v^leys between the hills so as to form projecting longues of liquid, and if 
the angle of contact is sufficiently small it will proceed until they are full. 
The occurrence of spreading in the valleys excludes the possibility of 
metastable equilibrium, in which the line of contact lies on the wSlope of a 
ridge; but before the general line of contact can advance so as to reduce 
the apparent contact angle the valley in front must first fill witli liquid. 
This viscous flow of the liquid in the narrow valleys will determine the 
rate at which spreading occurs. 

Experiment shows that advancing and receding angles of contact may 
vary by so much as 60°, but that sometimes the liquid will slowly assume 
an equilibrium value which is the same for spreading and recession. Little 
is known of the texture of solid surfaces, but experiments on contact 
resistance indicate that even the smoothest solid surfaces have projections 
higher than 100 a . and these would be sufficient to explain the observed 
effects. 


Summary 

A liquid placed on an ideally smooth solid spreads until the total surface ener^ is 
an absolute minimum and the contact angle is uniquely defined. When the solid is 
rough, the value of the apparent contact angle at the absolute minimum of surface 
energy is ditferent and is given by Wenzel's expression. In equilibrium, the liquid 
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surface near a rough solid must be ragged in older that it mterscct the solid at the tiuc 
contact angle. On sohds, whose roughness is formed by isolated pits, subsidiary ininiina 
of total surface energy exist and hysteresis of contact angle arises because the liquid 
comes to rest at a different mmimum after spreading and recession The inevitable 
roughness of sohds is sufficient to explain hysteresis. 

H, Wills Physical Laboratory, 

University of Bristol, 


THE MECHANICAL INTERACTION BETWEEN MOBILE 
INSOLUBLE ADSORBED FILMS, CAPILLARY CONDENSED 
LIQUID AND FINE-STRUCTURED SOLIDS 
By W. Hirst 
Received igfA March, 1947 

Provided that the adsorption isotherm of a vapour on a homogeneous 
fine-structured solid is reversible, the free energy lowering per unit mass of 
the solid is given to a high degree of approximation by tlie integrated form 
of the Gibbs-Duhem equation.^ 

Ga<'-Ga=^ j ^“dlogc/ ... (I) 

where is the Gibbs free energy per gram of pure adsorbent, 

Ga is the Gibbs free energy per gram of adsorbent when in equili¬ 
brium with the vapour at pressure p and fugacity /, 
wa, wb are the masses of adsorbent and adsorbate respectively, and 
M is the molecular weight of the adsorbate. 

The free energy lowering derived in this way is very nearly correct no matter 
what the rnethod of interaction between solid and vapour may be. In 
particular, if the ^lid is rigid and incapable of dissolving the vapour, the 
free energy lowering is completely accounted for by the lowering of its 

surface free energy and ^ J logs / = where F is the (Helmholtz) 

o 

fr^ energy lowering per unit surface, and 2 is the surface area per gram. 
Should the solid swell on adsorption of a vapour, the free energy lowering 
of the solid may not now be equated to the surface free energy lowering only, 
since some energy will be stored in the solid as work of expansion. 
Accordingly, 

Ga^-Ga-FZ-T^ 

where W is the work of epqpansion. It should be noted that £ may no longer 
be constant. The magnitede of W will depend on the physical properties 
of the solid, notably on its mechanical properties, and on the mechanism 
whereby swelling occurs. It is to be expected, for example, that more work 
would be expended in stretching the actual substance of the solid than in 
merely separating its structural units. The adsorption isotherm alone 
towevOT ^es not provide the evidence whereby a separate evaluation of 
F2/ ^d W may be made, nor does it, by itself, enable the mechanism of 
swdlmg to be determined. 

♦ This equation is exact. 

* Bangiiam, Nature, 1944, X54» 837. 
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There are additional uncortainties of interpretation when, as often happens 
with swelling adsorbents, the isotlK^rnis exhibit hysteresis, for the tpiestion 
arises how to detennine the clciTease in free energy of the sysiein \vhf‘n the 
isothemi docs not conform to llie tluTinodynainic eonditioii of rcversilnlity 
implied in equ. (i). 

It is possible by oonsid<Ting the properties of suitable intxh'ls to suggest 
how to obtain ap])n)ximalt^ solutions for such pro!>lenm as thes(‘ in th<‘ case 
that the adsorbed films are mobiU^ and insoluble*. Although this qualilK'aiion 
necessarily limits the generality of the coiv'lusious, mobile films .ue of 
common occurrcnc'e.^ ^ ^ The reason why it is ])()ssiblt* to progress with 
such problems when the surfac<* films are mobile is because a mobile film 
exerts a spreading pressure cp numerically eijunl to F, It is the action of the 
spreading force of the film on the underlying solid whit'li causes the swelling 
so that observation of the changes in dimensions and the* clianges in mechimi- 
cal properties which accompany adsorption provides additional evidence 
which may facilitate the interpretation of the adsorption isotherms. 

A few examples as illustrations of one method of ap])roach arc given 
below. The earlier arc concerned with the interaction between deformable 
solids and surface films and the later examplCwS consider the additional effects 
arising from capillary condensation. 

The Cause of Swelling by Adsorption of an Insoluble Mobile Film.— 

There are two recognised ways ^ ’ whereby a mobile insoluble film may 
cause a non-rigid adsorbent to swell. They correspond to the two cases 
mentioned earlier of swelling of the actual solid substance and swelling by 
separation of the constituent units. 

If any system free from external restraint is in equilibrium, the net force 
acting across any imaginary surface dividing the system into two parts is 
zero. Then, if the system in equilibrium consists of a solid on which is 
ad^rbed a mobile film, which exerts a spreading force, it follows that the 
solid must be in tension. Therefore, during the process of adsorption, the 
solid expanded. The second swelling mechanism corresponds to the earlier 
stages of a process of peptisation. If the fine-structured solid contains crevices 
too narrow to accommodate on either face an adsorbed film of tlxc thickness 
natural to an external surface, the spreading force—squeezing the adsorbed 
phase into the crevices—^will tend to force tlic walls apart. 

Capillary Condensation. -When capillary condensation occurs, the 
surface becomes covered with liquid. The spreading pressure at the adsorbent- 
adsorbate interface then becomes, by the equation of Young and Dupre,® * 

981 = + yiv cos 0 

where 9791 = spreading pressure when the surface is covered by liquid, 
9?sv = spreading pressure when the surface is covered by vapour, 
y\v = surface tension of the liquid and 
6 = contact angle. 

Beyond the range of the surface field the liquid is under a tension, the 

*Bangham and Fakhoury, J. Chem, Soc., 1931, 1324; Bangkam, Fakhoury and 
Mohamed, Proc. Roy. Soc. A, 1934, 147, 152. 

® Gregg, /. Chem. Soc., 19^2, 696. 

* Harlans and Jura, J. Amer. Chem. Soc., 1944, I 35 ®* 

J, Chem. Physics, 1916, 14, 441. 

® Bangnam and Falioury, Proc. Roy. Soc. A, 1931, 13a, 81 ; Bangham, UUra-Pine 
Structure of Coals and Cokes (B.C.U.R.A., 1944), p. 27. 

’Orowan, Nature, 1944, 154, 341. 

e Bangham and Razouk, Trans. Faraday Soc., 1937, 33 » ^ 459 * 

* Here 9 is a positive and y is a positive quantity so that, for 0 < f, 9*1 is greater 
than 9 ct. 
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magnitude of which, for a definite temperature, depends on the vapour 
pressure. Therefore when liquid condenses in a porous solid two new forces 
act, one parallel to the surface (due to the quantity y cos 0*) and the other 
due to the hydrostatic tension in the liquid acting normally to the surface. 

For simplicity of calculation in those of the following examples which deal 
with capillary condensation, it will be supposed that the range of the surface 
field is negligible as compared with the distance of separation of the surfaces 
between which liquid condenses, and that, beyond this range, the liquid is 
under uniform tension. 


(A) Adsorption without Capillary Condensation 

I, Swelling by Stretching the Structural Units.—^To show more 
clearly how to obtain the fraction of the free energy change of the solid which 
is stored as work of expansion, the model offering the simplest mathematical 
treatment is chosen. 

Consider a cylindrical cavity of original length Zq radius Tq with 
elastic walls (Fig. i a). The elasticity is supposed to be anisotropic so that 
the walls may stretch longitudinally but not radially. A small opening 
in one end of the cylinder allows the inner surface to adsorb vapour from 
the outside space. 

On adsorption of a vapour the spreading force of the film acting on the 
ends of the cavity will extend the walls to a length Z at which the elastic 
restoring force of the walls equals the spreading force of the adsorbed film. 
At equilibrium, for a solid obeying Hooke's law, 

*-0 

where A is a constant related to the elastic properties of the material. Then, 
for an expansion Al 

+ (Z —Zo) 

The work of expansion = airrroj ^ ^ k j —- dZ 

= i 9 ^ (/ o + aO • {^^^0 • 

The surface energy 

lowering = V (z^+aO • 

The free energy 

lowering of the system = 9 (/o+ aO • (^^^o){(^o + 


Hence the work of 

expansion = energy lowering of the system} 

Using eqn. (i), work 
of expansion per unit aj 
mass of adsorbent = . 

2Z0 + dZ 

0 

This quantity may be evaluated experimentally. 

Similar calculations may be made for more complicated models, e.g., for 
three-dimensional swelling of a cylindrical cavity, for the swelling of an 
assembly of spherical particles, etc. The consideration of other models will 
lead to a change in the proportionality factor which in the example above is 
Alj^l^ -j- Al, 

* 11 . The Widemng of Crevices.—^Structures such as those in Fig. i d 
md e may conveniently be represented by the model of Fig. i g and h, 
in which the resistance of the material at the head of a crevice to the spreading 

* It should be noted that the quantity y cos 0 may depend on the vapour pressure 
at which condensation occurs. 
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force which is tending to force the walls apart is represented its an elastic 
restraint controlling the distance of separation of riij;id surfaces. Then, if 
the area of the rigid surface is Ai, and of the elastic inalerial -lo, i(‘Litions 
such as those developed in the preceding example will apply lo the arc‘a d ^ 
only. It is unlikely that in any practical case the structure would be siifti- 
ciently well represented by the model for the ratio A1IA2 to ba\e much 
significance, and the equations for the model are not dt‘V('lop(»d. 






Fig I. 


Its important qualitative features are : 

(il the expansion is proportional to the spreading pressure 9?, 

(2) the work of expansion is smaller than in I by a factor depending on 
the ratio A^JA^^ There is no limit to this ratio and tlie work of expanding 
the solid may be negligible. 

III. Rigid Surfaces held together by Surface Forces with sotnee 
Elastic Restraint.—If there are regions within a swelling solid whore the 
surfac^ are sufi&ciently ^ close together for surface forces to contribute 
appreciably to the cohesion of the solid, the adsorption isotherm may be 
expected to show hysteresis. This is because surface forces dccrccisc as an 
mverse power of the distance of separation so that a spreading force which 
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just suffices to cause the surfaces to move apart will be more than sufficient 
to keep them apart. 

A simple representation of such a system is shown in Fig. i k, /, m. An 
elastic restraint is incorporated to prevent infinite separation of the surfaces 
and it will be supposed that the solid may deform elastically around the 
cohering regions before these spring apart. 

The characteristic features of the model would then be : 

(1) in the early stages of adsorption, the expansion being controlled by 
elastic restraints would be proportional to the spreading pressure ; 

(2) when the surfaces separate, the expansion and adsorption suddenly 
increase for constant spreading pressure; 

(3) after separation, the swelling being again limited by the elastic restraint 
is roughly proportiond to the spreading pressure ; 

(4) during desorption, the shrinkage is initially roughly proportional to 
the decrease in spreading pressure; 

(5) when the combined action of the surface forces and elastic restraint 
overcome the expanding action of the film there is a sudden collapse of 
the separated surfaces; and 

(6) in the final stage the shrinkage is proportional to the reduction in 
spreading pressure. 

The behaviour of such a system is shown diagrammatically in Fig. i n 
and 

It is also to be expected that the system would be more compressible 
after the originally cohering regions have been forced apart. 

Since, along the path AB, Fig. i p, the expanding force exceeds the resis¬ 
tance to expansion and, along CD, the force of contraction exceeds the 
resistance of the film, neither the application of eqn. (i) to the adsorption 
isotherm nor to the desorption isotherm gives the free energy lowering of 
the system when exposed to saturated vapour. The former path would 
lead to a value too small and the latter to too large a value. There need be 
no relation between the area of the hysteresis loop observed experimentally 
and the mechanical work stored in the solid along the path AB, for it might 
happen that the sudden swelling enabled adsorbed vapour molecules to reach 
parts of the internal surface which they could not previously approach. 
The primary meaning of the hysteresis loop is that there is a barrier 
preventing the adsorption from continuing until the porous solid possesses 
the minimum free energy consistent with the vapour pressure. 

It will be noted that in the important practical case for which the work 
of expansion is a small part of the free energy change due to adsorption, the 
application of the integrated Gibbs-Duhem equation to the desorption 
isotherm gives an approximate value for the surface free energy lowering 
of the system. 

(B) Capillary Condensation 

IV. Condensation in a Cylindrical Cavity with Thin Walls of Iso¬ 
tropic Material.— [a) The author has shown elsewhere** that when 
capillary condensation takes place in a cylindrical cavity with thin isotropic 
walls, the tube dirinks radially. The new radius r is given by 

y cos 0 _ Ti r^ — r 

where is the original radius in vacuo, and is the radius when the 
capillaiy is expand^ by the film pressure q>. As a result of the radi^ 

• Hirst, Nature, 1947, *59. 267, 
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shrinkage, when the vapour pressure is lowered slightly, liquid will remain 
in the tube, i.e., the adsorption isotlicrm exhibits hysteresis. 

(6) The decrease in the longitudinal expansive force is 

— >7 cos 0^ 

SO that the length of the cavity will decrease, remain constant, or increase 
according as ri(p is greater than, equal to, or less than ry cos 0 . Since is 
necessarily greater than r and since at saturation pressure (p for many 
adsorbent-adsorbate systems is several times as large as y cos 0, it is to be 
expected that on capillary condensation at higher vapour pressures a 
longitudinal contraction would occur. 

On raising the vapour pressure further, the tension in the condensed 
liquid relaxes and it is under no tension when in equilibrium with the saturated 
vapour. The swelling pressure at the solid-liquid interface is then equal 
to the sum of the pressure in a surface film when exposed to saturated 
vapour and the quantity y cos 0 .* It is, therefore, the same as it would 
have been had the porous solid been completely immersed in liquid and 
there would be no change in dimensions if this were done. 

It will be noted that as a consequence of condensation the radial expansion 
(and probably the longitudinal expansion also) would increase more rapidly 
with pressure than it would if condensation did not occur. 


V. Condensation between Plane Parallel Rigid Surfaces held by 
Restraints. 

If A is the free area of the rigid plates (Fig. i A), 

d is their distance of separation, 

L is the periphery of the plates, 

I is the total periphery of the restraints, and 
a is the cross-section of the restraints. 


On condensation, the force tending to cause contraction 


2y cosO.il 
d 


+ y cos 6. £ 


and the force opposing contraction ^l[<p ^y cos 6 ) + a (some function of 
the mechanical properties of the restraints). 

If the mechanical properties of the restraining material are known, the 
dimensional changes accompanying condensation can be calculated. The 
important distinction between this and IV is that the ratio of the magnitudes 
of the force of contraction to the opposing force may have any value and a 
sufliciently slight restraint would be completely overcome on condensation 
of liquid and the system collapse. It will be noted that should the actual 
structure of the system be similar to that depicted in Fig. i d, the contact 
areas such as are marked C in Fig. i d and / may increase after condensation 
and the mechanical compressibility of the system decrease. The isotherm 
would exhibit hysteresis for the same reason as in IV a, 

* Note, as before, that this quantity may not be constant but depend on the vapour 
pressure. 
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Conclusions 

The usefulness of these examples is most simply illustrated by the following 
conclusions which may be drawn from them. 

1. If it is possible to estimate the work of expanding a solid from independent 
measurements of its mechanical properties, calculations such as those in I may 
determine whether swelling is due to an extension of the actual substance of the 
solid or represents a separation of the constituent units (1 and II). 

2. The interplay between the spreading force of the adsorbed film and the 
elastic restraints of the solid system may control the magnitude of the swelling 
even though the work of expansion is negligible (II). 

3. If the isotherm exhibits hysteresis due to the mechanism of III and the 
work of expansion is small, the desorption isotherm may be used to obtain an 
approximate figure for the free energy lowering of the system. 

4. If the hysteresis in an isotherm is due to the mechanism of III, measurements 
of the length and deformability of the system over the region of hysteresis would 
show that on desorption the system would be larger, and more deformable than 
on adsorption. 

5. If liquid condenses in capillaries of uniform size in a solid, the latter should 
shrink radially (IV). In practice, the capillaries in a solid would probably cover 
a range of sizes and the effect due to capillaries within a given narrow range of 
diameters might be masked by the relatively rapid expansion of other capillaries 
after condensation. 

6. On capillary condensation in a system such as shown in Fig. i its deform¬ 
ability might decrease. But, again, this effect would probably not be observed 
in practice for reasons analogous to those given in 5 above. 

7. If there is capillary condensation and the system be in equilibrium with 
the saturated vapour, no change in length would be observed on plunging the 
system into liquid (IV c). Conversely, should a change in length be observed, 
capillary condensation has not occurred. This argument was first advanced 
by Bangham.i® 

8. If condensation occurs between parallel plates whose distance of separation 
is controlled by only weak constraints, the system may collapse. 

In conclusion, it is desirable to mention that the two mechanisms described 
above which would lead to hysteresis in the isotherms of vapours on swelling 
fine-structured solids are not the only causes of hysteresis but are additional to 
a number of other causes, notably hysteresis due to phase transitions in the 
adsorbed films,® which have been discussed by other authors. The dominant 
point brought out by consideration of the models is that although sweUing com¬ 
plicates the adsorption phenomena, a study of it and of the mechanical properties 
of the swelling solid may provide the evidence necessary to solve the additional 
problems presented. 

This work is part of a fundamental investigation of the influence of moisture 
films on the strength and breakage of coals and of the influence of sorption 
swelling on the movement of assemblies of fuel particles. 

Summary 

The adsorption isotherms on swelling solids are more diflacult to interpret than those 
on rigid materials. However, if the adsorbate is insoluble and forms mobile-surface 
films, the swelling is caused by the spreading force of ihe film acting on the underlying 
solid. Observation of the changes in dimensions and mechanical properties which 
accompany adsorption therefore provides evidence to help in interpreting tiie adsorption 
isotherms. Suggestions are offer^ as to how this may be done for a number of simple 
models. 

B.C.UJ 2 .A., 

13, Gfosvenor Gardens, 

S,W.x 


i^Bangham and Razouk, Proc, Roy. Soc. A, 1938, 166, 572. 



SOME PROPERTIES OF WATER ADSORBED IN THE 
CAPILLARY STRUCTURE OF COAL 

By R. L. Bond, M. Griffith and F. A. P. Maggs 
Received 2'jih Fehrmiy, 1948 

The examination of the properties of adsorbed water is of importance 
since water is present to a considerable extent in many naturally occurring 
materials used in industry; for instance, a quantity of water of the order 
of millions of tons is mined annually in association with coal in this country. 
Much interest lies, then, in the atiributes of the adsorbed phase, and, since 
it is often implicit in publications dealing with the gas-soUd interface that 
water adsorbed on porous solids simulates the behaviour of bulk water, 
this paper describes a few critical experiments designed to emphasise any 
differences that may exist between the two phases. 

The numerous applications of the theory of capillary condensation ^ have 
a common basis in the assumption that vapours adsorbed on any fine- 
structured solid will be in equilibrium with a vapour pressure uniquely 
determined by the curvature of the meniscus formed in tlie micro-capillaries, 
even if these are of molecular dimensions; hysteresis is ascribed to a change 
in the angle of contact between this meniscus and the solid (or film-covered 
solid) .♦ Whilst identity between bulk liquid and the adsorbed fiilm foimcd at 
saturation is not explicitly postulated by Brunauer, Emmett and Teller * 
in their multilayer theoiy, it is difficult to resist the conclusion tliat infinite 
adsorption of bulk liquid on plane surfaces is implied. Again, Harkins,® 
in his calorimetric method of estimating surface areas, assumes that an 
adsorbed film of water on anatase at saturation vapour pressure possesses 
a surface energy identical with that of the free liquid. 

In contrast with these assumptions we may recall Foster’s ® observation 
that no sign of condensation of water on silica gel—a system regarded as a 
classical example of capillary condensation—could be detected very close 
to saturation, even though the isotherm took a sharp upward turn at high 
relative pressures. Simflarly, Bangham * observed that drops of liquid 
placed on the surface of mica subjected to a jet of the supersaturated vapours 
refused to spread. He also measured a free-energy change, not equal to 
but less than the surface tension of the liquid, on immersing in liquid 
methanol and ethanol rods of charcoal previously saturated from the 
vapour phase. Bangham®* concluded that a difference of phase exists 
between the adsorbed film and bulk liquid. (See also Frumldn ’’ and Cassel.®) 
Indeed, Gregg and Maggs ® find that many apparent examples of capillary 
condensation are more fittingly attributed to changes of phase wUhin the 
adsorbed film. 

^ Zsigmondy, Z. anorg. Chem., 1911, 71, 356. 

* Brunauer, Emmett and Teller, J. Amer. Chem. Soc., 1938, 60, 309. 

a Harkins and Jura, J. Amer. Chem. Soc., 1944, €6,1362. 

* Hirst, Nature, 1947, *59. *67. 

»Lambert and Foster, Proc. Roy. Soc. A, 1932,134, 246. 

* Bangham and Saweiis, Trans. Faraday Soe., 1938, 34, 554. 

* From a diEerent standpoint, Hirst* has shown that hysteiesis’is a possible con¬ 
sequence of the efiect of chsmged pore dimensions brought about by liquid condensation. 
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The pore structure of coal is particularly favourable to the occurrence of 
capillary condensation ; density measurements made by Franklin have 
shown that the pores contain constrictions of molecular dimensions, the size 
of the constrictions decreasing with increasing maturity of the coals. We 
shall show, however, that although the observations, particularly at satura¬ 
tion vapour pressure, point to the occurrence of liquid condensation, certain 
aspects of the behaviour of the adsorbed and the bulk water stand in very 
sharp contrast. That these divergencies in behaviour represent a real phase 
difference is amply demonstrated by the qualitative experiments to be 
described; a quantitative examination of the phenomena is in hand. 

Experimental 

Samples.—^The coals used in this work were stored in nitrogen as Y 
slack; a sample of each coal was withdrawn, ground to pass 72 b.s.s. and 
kept in sealed bottles until required. For experiments using — 240 B.s.s, 
coal, samples were taken from these bottles and ground by hand. The 
analyses of the coals {— 72 B.s.s.) are given in Table 1 . 

We shall have occasion whilst discussing the results to refer to the porosity 
and surface area of the coals. By porosity is meant the volume of the pores 
which is accessible to helium in a lump of coal; the porosity values quoted 
here are those given by FrankUn,^® whose coal samples were taken from the 
same batch as those used in the present work. Values for the inner surface 
area of coals are calculated directly from the heat of wetting of the coal 
in methanoL^^ 

In all the tables, coals are arranged in order of decreasing rank. 


TABLE I 

Analyses of Coals Used 


Coal 


Proximate Analysis (airKlried 
ba^} 

Ultimate Analysis djn.f. 
(Parr’s basis) 

Heat of 
Wetting in 
Methanol* 
cal. g.-i 

Desciiptioji 
(Seyler's Qassificatioai) 

Locality 

Vola¬ 

tile 

Matter 

% 

Mois¬ 

ture 

% 

Ash 

% 

Fixed 

Caibos 

% 

Vola¬ 

tile 

Matter 

d.m.f. 

% 

Carbon 

% 

Hydro¬ 

gen 

% 

Oxy- 

goi 

% 

Nitro¬ 

gen 

% 

c. Anthracite, Group Ai 

S. Wales 

4*7 

2-6 

2*1 

90*6 

4*9 

94-2 

2*9 

1-7 

1’2 

8-5 

D. Carbonaceous 

S. Wales 

14-8 

1*1 

2-5 

8x-6 

i5-a 

91-7 

4*4 

2*4 

1-5 

4*8 

F. Meta-bitumiaous .. 

S. Wales 

23-3 


4-4 

70.9 

24*0 

89*4 

4-8 

4-1 

17 

4-8 

B. Para-bituminous ,. 
M«ta-lignitous 

Yorkshire 

32-5 

6-x 

i»6 

59*8 

35-2 

83-1 

5-1 

9*9 

1*9 

12*9 

K. Meta-lignitous 

Northum¬ 

berland 

33*8 

xo*4 

0*9 

54*9 

37*9 

82-6 

5-3 

XO'Z 

2*0 

17*6 


* Samides were grouxid to pass 240 b.s.s. 


A. Porosity and the Volume of Water Adsorbed at Saturation.— 
Samples of the coals, ground to pass 240 B.S.S., contained in taxed weighing 
bottles, were thoroughly evacuated; dry air was then admitted and the 
stoppered bottles were immediately weighed. After further evacuation the 
coals were exposed to saturated water vapour until adsorption ceased, the 

’ Frumkin, Gogoritzkaja, Kahaaov and Kekrassov, Physih. Z. Sowjet.^ 1932, i, 255. 

* Cassel, /. Chem. Physics, 1945, 13, 249. 

» Gregg and Maggs, Trans. Faraday Soc., 1948, 44, 123. 

10 Franklin, Pk.X>. Thesis (Cambridge, 1946). 

« Maggs, Pros. Ctmf. UUrafine Structure of Coals and Cokes (B.C.U.R.A.), 1044. p. qk ; 

Bond and Maggs, Coal Research (in press). 
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adsorbed water being measured by reweighing. The results are recorded 
in column 3 of Table IL (Good agreement with these values was also given 
by exposing the same coals to saturated water vapour in a desiccator 
evacuated on a filter-pump, although somewhat longer times of exposure 
were required.) 

TABLE II 

Adsorption of Water at Saturation Vapour Pressure on Coals 


Coal 

Porosity 
icr® cc./cc. 

Saturation 
Adsorption 
lo-a g./g. 

Saturation 

Adsorption 

10-® cc./cc. 

c 

10*1 

5-9 

8-9 

D 

2*2 

1*7 

2*2 

F 

3*2 

3.6 

47 

H 

7.7 

lO-O 

13-0 

K 

12-3 

12*1 

157 


A comparison of the saturation adsorption—expressed in cm.® water 
adsorbed per cm.® of dry coal—^with the porosity of the coal reveals that 
with some of the coals more water is adsorbed than would be required 
merely to fill the pores. Some light is thrown on this by the following 
experiment (suggested by previous work with methanol “). A prism of 
coal K was evacuated, weighed and its size measured with a dial gauge; 
re-evacuation was followed by the adsorption of saturated water vapour; 
the swelling and the quantity of water adsorbed were measured, with the 
results shown in Table HI. (F, S and P represent the volume of wate • 
adsorbed, the volume swelling and the porosity, respectively, and are 
expressed in % by volume.) Three experiments were made on the 
prism. 


TABLE III 

Swelling of Coal k in Water Vapour 


% Weight 
Adsorbed 

V 

S 

P 

9*9 

13*1 

2*4 

IX 

10*2 

13*6 

2‘0 

ir 

9*5 

12-6 

2*1 

11 

■-- • 

— 

-- 

__ __ 


The volume adsorbed is equal quantitatively to the sum of the volume 
swelling and the porosity and there is thus prima fade evidence that the pore 
volume of the swollen coal is completely fihed with adsorbed water at 
saturation.* 


MaggSi Trans, Faraday Soc,, 1946, 43B. 

* In the experiments "with methanol, a surface compression was measured as a 
reduction in the total volume of the system; this effect appeam to be small in the 
present case. 
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King and Wilkins have assumed the volume of water adsorbed at satura¬ 
tion vapour pressure to be equal to the porosity of the coal. Of the liquids 
of small molecular volume able to penetrate the coal structure, water is the 
most suitable both on account of the negligible adsorption compression * 
and the relatively small swelling (coal k swells about i6,9 and 2 % by volume 
in methanol, benzene and water respectively). With low-rank bituminous 
coals, however, neglect of the adsorption swelling is liable to introduce 
errors up to 3 % in the porosity; with lignites the error is probably con¬ 
siderable (a volume swelling of 25 % has been observed by us on immersing 
a lignite in water). 

B. Adsorption Isotherms.—Since coals are often exposed to air of 
various humidities the form of the adsorption isotherm is of importance 
practically; at the same time, the deductions to be drawn from such data 
add considerably to our knowledge of the nature of the adsorbed water. 

Apparatus. —^A conventional volumetric apparatus was slightly modified 
(Fig. i) to facilitate measurement of the adsorption up to saturation vapour 


TO PUMPS 



pressure. The manometer (A) was of 20 mm. tubing to avoid meniscus errors. 
Distilled water (bulb B) was further purified by fractional distillation under 
vacuum in the apparatus. The burette (C) (cx, 620 cc. capacity) and the 
sample bulb (D) were situated in a water-bath kept at 24*56 ± 0*02® c. 
In general, a measured quantity of water vapour "was frozen into appendix E 
from the bmette, cut-oE F was raised and on lowering cut-off G and wanning 
the appendix, adsorption took place. The vapour pressure in the burette 
was^ never allowed to rise above o*8 saturation vapour pressure, so that 
deviations from the gas laws were minimised. For pressures greater than 
this, and approaching saturation v.p., equilibrium was established between 
the coal and liquid water in the appendix H, the quantity not adsorbed being 

w King and Wilkins, Conj, UUraJine Structure of Coals and Cokes (B.C.U.R.A.), 
1944. P- 4 ^‘ 

♦ Adsorbed methanol, for instance, occupi^ 17 % less volume than does free liquid 
methanol.^* 
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measured in the burette; this appendix was immersed in the wator-batli. 
The coals were prepared by grinding through 240 B.s.s. as this lias boon found 
to lead to speedier adsorption than with coarser materhil. A blank experiment 
was performed to test tire behaviour of the apjjaratus, especially in view of 
an observation by Norrish^* of marked adsorption of water on the glass 
apparatus. The magnitude of the experimental error (whether due to adsorp¬ 
tion on the glass, errors of measurement or deviation of water vapour from 
the gas laws) is shown to be small by the result of the blank experiment 
(curve (a). Fig. 2). 

The isotherms are given graphically in Fig. 2. The saturation values 
obtained in Section A have been included in Fig. 2 and the adsorption 



Fig. 2.—^AdsorpUon isotherms of water on five coals at 25® c. 

Ordinates : Percentage weight adsorbed. 

Abscissae: Relative pressure, 

branches extend to these. The isotherms given by coals H and K are similar 
to those found for systems where bulk condensation is said to occur ; more¬ 
over, the decrease in hysteresis as the coals increase in rank could be readily 
related to the concomitant reduction in the size of the pores. 

If we suppose for the moment that the adsorbed film does not differ from 
bulk water, several properties of the adsorbate may be readily measured. 
Whilst values of the vapour pressure and freezing point, for instance, may be 
susceptible to the influence of the pore diameter, measurement of the 
dielectric constant and of the volume change on freezing would provide 
critical data for testing the initial postulate. Such measurements are 
described in sections C and D. 

€• Freezing Point of Adsorbed Water .—A characteristic property 
which could be used for identifying bulk water is the sharp volume change 
which occurs on freezing. The volume of water adsorbed by certain 

Noixish and Russell, Nature, 1947, 57 * 
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bituminous coals (e.g., coalK) is sufficiently great to cause a volume change 
at the freezing point, which could be readily detected dilatometricaUy if it 
occurs and is of the same magnitude as that of bulk water. 

From saturated vapour 12 % by weight of water was adsorbed at 21® c. 
by a sample of coal k ground to pass 72 b.s.s. This saturated coal sample was 
put into a thin-walled glass cylinder to which a calibrated capillary tube 
was attached ; the system was then completely filled with water-saturated 
dibutyl phthalate.* The temperature of this system was decreased steadily 
from that of the room to about — 70® c., and changes in volume of the 
coal and adsorbed water were detected by tlie movement of the meniscus 
in the capillary tube. To correct for extraneous volume changes due to 
components of the system other than adsorbed water, control dSatometers 
were used, making a total of seven, filled as follows : 

(1) Diy dibutyl phthalate. 

(2) Dibutyl phthalate saturated with water. 

(3) Dry coal (—72 B.s.s.) -f- dry dibutyl phthalate. 

(4) Dry coal + dry dibutyl phthalate. 

(5) Dibutyl phthalate + 1*5 cm.® Hquid water. 

(6) Coal (—72 B.s.s.) saturated with water vapour + dibutyl phthalate 
saturated with water + 0-5 cm.® liquid water. 

(7) Coal (—72 B.s.s.) saturated with water vapour -|- dibutyl phthalate 
saturated with water. 

The readings of the meniscus levels in the capillary tubes are plotted against 
temperature in Fig. 3 ; the ordinate units are arbitrary. 

Fig. 3.—^Dilatometric 

experiments. 
Curve I. Dibutyl phthalate, 
dry. 

2. Dibutyl phthalate, satur¬ 
ated with water. 

3. Dry coal (— 72 b.s.s.) 
+ dry dibutyl phthalate. 

4. Dry coal {Y pieces) + 
dry dibutyl phthalate. 

5. Saturated dibutyl phtha¬ 
late -f 1*5 cm.® water, 

6. Coal (— 72 B.s.s.) satur¬ 
ated with water vapour 
4- o«5 cm.® excess water 
and saturated dibutyl 
phthalate. 

7. Coal (— 72 B.s.s.) satur¬ 
ated with water vapour 4- 
saturated dibutyl phtha¬ 
late. 

Ordinates: Scale readings of 
menisci (in cm.). 

Abscissae ; Temperature ® c. 

The blank experiments of bulbs (i) and (2) diow that no correction need 
be applied for unusual volume changes in the dilatometric liquid. The 
experiment with bulb (5) (containing water and dibutyl phthalate) shows 
that the presence of the oil-water interface will not prevent freezing; that 
is, the experimental conditions were suitable for the detection of bulk water. 

* It was anticipated that the very large molecules of this liquid would be unlikely 
to penetrate the pore constrictions of the fine structure of the coal and displace tibe 
adsorbed water molecules. Dibutyl phthalate has the further advantage of being 
deformable even at — 70® c. and was therefore suitable for use as a dilatometric fluid in 
this series of experiments. 
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The volume change of the bulk water is marked (bulb 5) ; its occurrence 
at about — 8° c. appears to be due to supercooling.* 

The quantity of water adsorbed in the coal was similar to that in the 
bulb (5); freezing of the adsorbed water could therefore be readily detected. 
It is clear from curve 7 in Fig. 3 that a 
phase change of this nature does not 
occur between + 20° c. and — 70*^ c. for 
adsorbed water. Whilst precautions 
were taken to keep the coal saturated 
with water (e.g. tlie dibutyl phthalate 
was water-saturated before the experi¬ 
ment), the theory of capillary condensa¬ 
tion assumes that tlie pores wiU contain 
bulk liquid over a range of relative 
pressure, particularly in the steeply 
rising final part of the isotherm ; 
therefore, failure to detect a freezing 
point cannot be ascribed to this cause. 

In the case where water in excess of 
that required for saturation of the coal 
was present (bulb 6), a volume change Fig. 4.—Thermal expausion a]>paiatus, 
corresponding to that caused by the 

freezing of the excess water alone was observed; even the ice thus formed 
failed to crystallise the adsorbed water. Such an experiment provides a 
simple method of determining tlie quantity of ordinary water present in coal. 



Some degree of supercooling is easily 
attained, and it might be thought that 
in small pores where disturbances (such 
as convection currents) are minimised, 
considerable supercooling would be 
possible. It has been shown, however, 
that the presence of coal is suflSlcient 
to crystallise supercooled bulk liquid 
(footnote, p. 35 also curve 6, Fig. 3). 
It seems most improbable that the 
absence of freezing of the adsorbed 
water at so low a temperature as 

— 70® c. can be attributed to ordinary 
supercooling. 

Some supporting experiments have 
been made in which the coefficient of 
thermal expansion of coal k (in the 
form of rods of compressed powder) 
was measured between + 20® c. and 

— 20® c., using the apparatus shown 
in Fig. 4. Measurements were made on 
rods of the compressed coal powder, 
both dry and with adsorbed water. 
Blai^ experiments using silica rods of 
negligible thermal expansion were used t 
apparatus. The results are shown in Fig. 



Fig. 5. —expansion of coal k 
containinpi adsorbed water. 

Curve I. Dry coal. 

2. Coal 4- 37 % adi»orbo<l 
water. 

3. Coal -1- 1^*2 % adsorbed 
water. 

Ordinates : Percentage-contraction. 
Abscissae: Temperature ® c, 

) correct for length changes of the 
5, where the percentage change in 


Cohan, J, Am&r, Ch$m, Soc., 1938, 60, 433. 

* Water cooled m glass tubing remained liquid at — 10*5*^ c.; no special precautions 
achieve this. Vibration or tapping did not induce crystallisation, but 
a tnn^g^s rod or a speck of coal (either dry or wet) immersed in the supercooled water 
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length is plotted against the temperature. Again, the results gave no 
indication of freezing of the water in this temperature range. It was observed, 
however, that the coefficient of thermal expansion was changed from 4*2 
to 5'0 X ® c.“^ by the adsorption of water at saturation v.p. 

D* Dielectric Constant—In another method employed for investi¬ 
gating the behaviour of adsorbed water advantage was t^en of the fact 
that, at an appropriate frequency, a marked change in dielectric constant 
occurs when water freezes. The temperature dependence of the capacitance 
of a condenser containing saturated coal was measured at a frequency of 
15 kc./sec. using a high-frequency bridge of the Sobering t5^e fitted with a 
Wagner earth; balance points were located with a Muirhead amplifier 
detector. A substitution method was employed, the capacitance under 
investigation being in parallel with an N.P.L.-calibrated, variable air 
condenser. 

Three sets of data were obtained with the same parallel plate condenser, 
supported in a bath which could be held at any required temperature between 
+ 20° and — 70® c. Determinations were made of the capacitance of the 
condenser with the following materials forming its dielectric : (i) air, (2) dry 
coal K, ground to pass 72 b.s.s., and (3) the same coal saturated with water 
vapour at 25° c. The possibility of very slow heat transfer was investigated 
and rejected, and readings were taken only after both temperature and 
capacitance readings had remained steady for 30 min. An apparent dielectric 



Fig. 6.—^Dielectric constant of coal k containing adsorbed water. 

Curve I. Air. 

2. Dry coal, 

3, Coal saturated with water vapour. 

Ordinates : Apparent dielectric constant. 

Abscissae : Temperature ® c. 

constant z* was measured, which represents the dielectric constant of the 
coal powder plus voidage; such comparative values are adequate for the 
detection of the liquid-solid phase charge. The variation of e' with tempera¬ 
ture for the three systems is given in Fg. 6. Curve (i) shows that corrections 
for the variation of the capacitance of the empty condenser with temperature 
axe negligible. 

The effect of the adsorbed water on a' for coal is very marked and is 
greater than would be anticipated for the addition of 12 % bulk water.* 
The dispersion curve for the s^tem coal plus adsorbed water shows no 
break which might denote freezing (such as those found for clays On 
the other hand, the occurrence of partial freezing at successively lower 
temperatures is not precluded. 

Alexander and Shaw, /. Physic, Chsm., 1937, 4 *» 955 * 

♦ From Wiener's law (random distribution of spheres), or from work of Sillars, Inst 
Elect. 1937 » 80, 378, 
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E. Wetting and Free-Energy Changes at Coal Surfaces.—^The 
measurement of the free-energy changes which take place on immersing 
coal, saturated from the vapour phase, in water provides a reliable method 
for the detection of phase difiercnces. Whilst the frcc-cncrqy decrement 
during adsorption from the vapour may be easily evaluated from the adsor])- 
tion isotherm, that which occurs on immersion is less readily evaluated. 
For charcoal rods, however, Bangham^’ has shown that the acibori'jtion 
expansion is directly proportion^ to the free-energy change, and this 
observation provides a method for overcoming the difficulty in dealing with 
immersion. 

(a) Energy Change on Adsorption from the Vapour. —^The frec-cnergy 
decrements {Fs) at saturation vapour pressure have been evaluated from 
the isotherms of Fig, 2 by the relation developed by Bangham'®: 

Pi 

RT r 

F = J s d(loge^); s being the adsorption at the interface of extent E, 

O 

at the vapour pressure By taking values for S from the heats of 
wetting in methanol, has been estimated for the five coals ; the results of 
these calculations are given in Table IV. 


TABLE IV 

Energy Changes Occurring During Adsorpiion or Water Vapour 


Coal 

(from adsorption) 
10’ erg. g.-i 

FiS 

(from desorption) 
10^ erg. g.“^ 

(from adsorption) 
erg cm.-^ 

F. 

(fiom desorption) 
org cm 

c 

6-1 

6-1 

O9 

69 

D 

2*2 

2*2 

52 

52 

F 

3-4 

4*0 

71 

8^ 

H i 

12-2 

15*9 

89 

117 

K 

12-8 

17*3 

73 

98 


A feature of these results lies in tlie contrast with the values obtained 
for organic liquids on coals, the value of F« for a saturated methanol film ^ 
being about 200 e^. cm.“"®. The surface pressure of a film of adsorbed 
water is evidently insufficient to displace adsorbed films of organic vapours 
from coal surfaces. 

(6) Adsorption Swelling. —^The relation between the swelling and the 
energy change at various points of the isotherm has been tested in the 
following manner: A rod of coal K, formed by pressing the powder 
(—72 B.s.s.) at 3 ton in.-*, was placed in a metal extensometer attached to 
a glass vacuum system by a copper-glass seal. The extensometer consisted 
of a dial gauge graduated in io~® cm. which was enclosed in a close-fitting 
metal jacket, provided with a plate-glass window. Since it was found that 
the metal of the extensometer also adsorbed water vapour, it was necessary 
to measure the adsorption on a further rod of compressed powder contained 
m a glass jacket attached to the system through a ground-glass joint. This 
jacket (which was fitted with a tap) could be detached and weighed at 

Bangliam and Razouk, Proc. J 2 oy, Soc, A, 1938,166, 572. 

«Bangham and Fakhonry, Proc. Roy. Soc. A, 1931, 130, 81; Bangham and 
Fakhoury, J. Chem. Soc., 1931, 1324. 
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appropriate intervals. The whole apparatus was kept in an air thermostat 
held at 25® c. Thorough out-gassing of both coal and water preceded the 
experiment. The free-energy change at various adsorptions was estimated 
from the isotherm K of Fig. 2. 

In Fig. 7 the results of this experiment are expressed as the variation 
of the percentage linear expansion with both the weight of water adsorbed 
and the free-energy change occurring on adsorption. Wliilst in the former 
case the curve is not linear, proportionality is shown between the swelling 



Fig. 7. —Adsorption expansion of coal. 

Curve 1. Variation with weight 

adsorbed. 

2. Variation with free-energy 

decrement. 

Ordinates : Percentage linear expansion. 

Abscissae: Upper: Free energy decrement 

10’ erg g.-i. 

Lower: Percentage weight of 
water adsorbed. 


and the energy change (curve 2, Fig. 7). By using the value of the gradient 
of the latter curve, it is possible to estimate free-energy changes from the 
accompanjdng expansion. 

(c) The Free-Energy Relation between Saturation and Immersion.— 
The free energies of saturation and immersion of plane surfaces are related in 
the following maimer: Fl = Fs + y cos 0, where y is the surface tension of the 
liquid and d is the angle of contact between the liquid and the vapour-saturated 

7 C 

solid. Thus, the saturated solid wiE expand on immersion if 0 <~, and will 

2t 

contract if 6>~, Identity between the liquid and adsorbed phases is, of 

course, shown by 0 = o, when a marked increase in lengtli wiQ occur. 

The rod of compressed coal used in the experiment of the previous section 
was mounted in the dial-gauge extensometer and, after thorough evacuation, 
was exposed to saturated water vapour at 25° c, for 3 days. A linear expan¬ 
sion of 1-23 % was recorded. Boiled distilled water was then admitted 
through a tap. The final expansion was 1-28 %. The angle of contact 

calculated from these results is 4° under In view of the closeness of this 

2 

result to the critical angle of further experiments were devised which are 

based on the following considerations. 

The significance of a finite angle of contact (as Bangham has emphasised) 
is that it demonstrates the degree of incongraty between the surface of the 
bulk liquid and the adsorbed film on the solid, and one of the simplest wa3?s 
in whidi the presence of a finite angle of contact can be shown for solids of 
doosity greater than that of the liquid is by flotation experiments. A 
zero angle of contact, for instance, leads to the inability of the solid to float 
at aU, whilst for a powder which floats the value of 0 must be finite. The 
ability of the solid to float is dependent on the shape of the solid as well 
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as the angle of contact; a solid having vertical sides, however, will float 

WO 

above the surface only if 0>- according to the following relation : 

g(Vps — V^Pl) + Pycosd = o; ^ 

in which g = acceleration due to gravity ; P — the periphery of the solid 
at the liquid meniscus; V = volume of solid, and Vi ~ the volume 
immersed. For systems where ps>pL the solid will float above the surface 

only when 0 >^ the depth of immersion being dependent on the ratio of 

periphery to volume. The densities of the coals measured by helium dis¬ 
placement lie between 1-5 and 1*3 g. cm."®, and the lump densities of the 
diy coals fall in the range 1-37 to 1*13 g. cm.~®. C^culation shows that the 
largest cube of coal which would just float (i.e., taking d = (n:)is a. centimetre 
cube. 

{d) Flotation Experiments. —Samples of all five coals (ground to pass 
72 B.s.s.) were sprinkled on clean water surfaces ; none of the coals showed 
any tendency to sink, even after 20 weeks. To obviate any effects which 
might be attributed to adsorbed gases, the simple 
apparatus sketched in Fig. 8 was used. Coal powders 
were well evacuated at 80° c., allowed to reach 
equilibrium with saturated water vapour at room 
temperature and then tipped on to the water sur¬ 
face. Apart from a few particles (<i %) which sank 
immediately, the saturated coal remained floating 
on the surface for the following ten weeks, after 
which observations were discontinued. 

Adequate confirmation of the flotation experiments 
was obtained when flat plates of coal weighing up to 
60 g. were easily floated by placing the coal on a 
freshly floated mter-paper, which sank leaving the 
coal afloat. A further experiment was made, in which 
the piece of coal was placed on thoroughly degassed 
ice. After several hours' pumping (with the water 
frozen) the ice was allowed to melt; the coal floated 
and had not sunk after 6 days.* 

It was found impossible to fulfil the conditions of for flotiSSon 

the flotation equation, for, whatever tlie size or experiments, 

shape of the lump, the unwetted upper surface of 
the coal lay below the plane of the water surface; in all cases the water 
meniscus curved downwards to meet the periphery of tlxe upper surface of 
the lumps. 

It is concluded from these experiments that the angle of contact between 
water and coal K is finite and is a little imder 

2 

Preliminary quantitative experiments have been made by measuring the 
minimum load required to sink a number of pieces of coal; whilst the 
influence of the extent of the periphery is predominant, it is apparent that 
the evaluation of 6 will involve the shape of the meniscus and the surface 
tension of the liquid. For instance, the action of wetting agents—which cause 
the coal lumps to sink—^may depend on the reduction of fl, or the lowering 
of the surface tension, or—^more probably—on botli. Work is in hand to 
elucidate these points. 

♦ On pumping a piece of coal floating on water, bubbles of gas steadily escaped tom 
the coal, which remained floating, until a large bubble tom fhe water burst, so swamping 
the coal. 
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WATER IN CAPILLARY STRUCTURE OF COAL 
Nature of the Adsorbed Film of Water, 


Interpretation of the results reported in Sections A and B along the lines 
of the B.E.T. multilayer theory or of the capillary condensation theory 
would lead to the conclusion that tJic water adsorbed by coal at saturation 
vapour pressure has the properties of three-dimensional liquid water. The 
critical experiments of the subsequent sections, however, make this simple 
conclusion untenable. 

The proportionality between the adsorption expansion and the surface 
pressure of the water film at room temperature (Section E) leaves little doubt 
that the water-coal system behaves in the same manner as the charcoal- 
alcohol systems investigated by Bangham,^’ where the adsorbed films were 
shown to behave as a two-dimensional phase. It is at once apparent that 
the increase in the coef&cient of thermal expansion of coal compacts brought 
about by adsorbed water is due to the kinetic mobility of the adsorfed 
molecules. 

By regarding the two-dimensional film of water as a distinct phase, the 
absence of a normal melting-point is understandable.* It is not clear, how¬ 
ever, whether a gradual transition to a solid phase takes place when the 
temperature is steadily lowered. Hardy,®® for instance, found that the water 
in plant cells froze in stages, the proportion of ice formed being dependent 
on the lowering of the temperature. On the other hand, Foster®^ could 
find no evidence of the freezing of water adsorbed on silica gel even at 
— 65° c.; Rau ®® was able to supercool water droplets to - 72® C., but, as 
Bangham has pointed out, there is some evidence to suggest that the water 
surface of drops at this temperature was remarkably akin to the adsorbed 
phase. From the several lines of approach described in this paper it is con¬ 
cluded that it is incorrect to treat adsorbed water as though it were bulk 
water. 

The authors are glad to acknowledge the help and suggestions of Dr. D. H. 
Bangham, Director of Research Laboratories, British CoSl Utilisation Research 
Association, in planning this work; they are grateful to the Council of the 
Association for permission to publish these results. 

Summary. 

The relation between liquid water and adsorbed water is discussed in the light of 
current theories, and whereas capillary condensed water might be expected to possess 
the properties of the hulk phase, measurements of the dielectric constant and volume 
changes on cooling coal saturated with water vapour show no ovidenco of a sharp 
freezing point. The significance of the angle of contact between liquid water and 
saturate coal is discussed; measurements of the free-energy decrement on wetting 
saturated coal suggest that the angle of contact is about 90® but the value must in fact be 
less from the flotation experiments. It is concluded that a phase diflerence exists 
between water adsorbed on coal and bulk water. 

British Coal Utilisation Research Association, 

13, Grosvenor Gardens, London. 

Bridgeman, Physics of High Presst4re (London, 1931). 

Hardy, Collected Scientific Papers (Camb. Univ. I^ess, 1936). 

» Batchelor and Foster, Trans. Faraday Soc., 1944, 4 ®* 3 ®®* 

*• Rau, Schrip. Devi. Akad. Luftfahrtforsch, 1944, 8 (ii), 65; see also Frank, Nature, 
I 946 » * 57 » 267- 

*• Bangham, Nature, 1946, 157, 733. 

** Bangham, J. Cham. Physics, 1946, 14, 352. 

* According to Bridgeman,liquid water cannot exist below ca. — 20® c., even under 
pressure; further, the pressures developed by the volume change on ice formation are 
too small to depress the freezing point sufficiently, even in an undeformable container. 



PORE SIZE AND PORE DISTRIBUTION 
By a. Graham Foster 
Received lyth February, 1948 

In discussing the problem of estimating capillary radii of porous solids 
I shall deal here only with those methods based on experimentally determined 
sorption isothermals, which may be classified as follows. 

(а) Methods based on the Capillary Theory. —The Kelvin equation when 
applicable gives the pore radius directly. The conditions under which the 
equation may be applied and the question of its validity will be discussed. 

(б) Methods based on Langmuir, B.E.T. or Harkins-Jura theories in which 
the surface area of the solid is calculated from the sorption isothermals. 
I have shown ^ that an approximate estimate of the surface area can be 
made from the capillary radius using the relation SfV = 2/y for the surface/ 
volume ratio of a cylinder. Conversely, knowing S and V one can make a 
rough estimate of r, assuming that the pores are cylinders of uniform 
diameter. The chief application of the method would appear to be to systems 
where capillary cond^sation is absent and the Kelvin equation inapplicable, 
(c) Approximate estimates derived by considering the shape of sorption iso~ 
thermals, e.g., if sorption practically ceases after the formation of a mono- 
kyer, we may infa that the pore radius is of the order 1-2 molecular 
diameters. Following Brunauer,® I have discussed recently ® how the shape 
of the isothermal alters as the number of adsorbed layers increases. 

I. Application of the Kelvin Equation 

(a) Radius-volume Curves. — ^In 1932, a modified version of Zsigmondy’s 
capillary theory was proposed,* in which it was postukted (a) that con¬ 
densation did not occur until after the formation of an adsorbed kycr 
approximately two molecules thick, and {b) that over the range of the 
hysteresis area, desorption equilibria were determined by the Kelvin equation, 
assuming complete wetting, i.e., 

pi-pf>exg{-zVylrRT) . , . (i) 

where pi is the desorption pressure, p^ the saturation pressure, V the 
molar volume and y the surface tension of the absorbed liquid at temperature 
r; r is the radius of curvature of the meniscus in the capillary over which 
the pressure Pi prevails and is usually identified with the radius of the 
capillary space in which condensation occurs. 

According to the capillary theory, one would expect that (after converting 
pressures to radii and concentrations to volumes), pressure-concentration 
isothermals for different liquids would be reduced to the same radius-volume, 
or r-v, curve, the latter being determined by the structure of the adsorbent. 
This simple view ignores two factors; («) the density of the adsorbed liquid 
may differ from that of the bulk liquid and thus lead to incorrect values 
of V \ and (6) since condensation follows kyer adsorption, the value of r 
calculated hrom the Kelvin equation is less than the true pore radius r^ 
by an amount A equal to the thickness of the adsorbed kyer. 

^ Foster, Proe. Pay, Soc. A, 1934, *47,128. 

* Adsorptvm of Gases and Vapours (Oseford, 1944). Ch. VI. 

• Foster, J. Chem. Soc., 1945, 769. 

‘ Foster, Trans. Faraday Soc., 1932, a8, 645. 
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Although it was shown that isothermals for the same liquid at different 
temperatures reduced to identical r-v curves, yet it was not found possible 
to reduce isothermals of different liquids to the same r-v curve. The r-y 
curves for benzene and alcohol on ferric oxide were, however, identical in 


shape and could be made to coincide by displacement parallel to the axes. 
Lack of suitable experimental data has hitherto restricted further work on 
these lines, but an analysis has now been made of the isothermals of fifteen 
different liquids determined on ferric oxide by Broad and J^oster.® 

In the absence of detailed information about orientation of adsorbed 
molecules, we cannot determine accurately the thickness of the adsorbed 
layer but can only make an approximate estimate. This has been done by 
calculating molecular diameters {a) from the normal density [d) of the 
liquid by means of the well-known relation 

0 = 1-33 X 10-8 .... (2) 

which assumes hexagonal close-packing and is similar to the relation used 
by Brunauer ^ for surface areas. If the Kelvin equation gives the radius r 
of the space left after completion of the adsorbed layer, assumed to be of 
thickness 2 cr, then the true pore radius will be given by ro = ^ + 20, 
and for a given adsorbent, should be constant and independent of the nature 
of the adsorbed substance. 


+• 



I. O EtOH 4- Dioxan. 

II. O Morpholine A Triethylamine. 

III. O w-hexane x CHCh A Benzene. 

IV. O EtOH A Dioxan 4 - EtAc V Butyl Acetate □ Pxylene. 


Fig, I shows the data of Broad and Foster plotted as f q - v curves. 
Curve I is drawn through the points from the isotliermals of ethyl alcohol 
and dioxan, which clearly coincide. The points on curve II are for tri- 
ethylamine and morpholine, whilst the actual line represents curve I shifted 
to correspond with the displacement of the r scale. It is evident that 
within the Ihnits of experimental error, the r^-v curves for all four liquids 
coincide. In curve III, data for fi-hexane, benzene and chloroform are 
diown reduced to the same radius-volume curve, again with the scale 
shifted so as to avoid confusion with curves I and II. The latter can be 
brought very nearly into coincidence with curve III by vertical displacement 
corresponding to the shift of the ro scale. This means that isothermals 
for seven different Hqtdds have been brought into virtual coincidence when 

® Broad and Foster, /. Chem, 5 oc., 1945, 446. 




A. GRAHAM FOSTER 


43 


plotted as curves. Unfortunately, the data for tlie remaining 

substances investigated do not show such good agreement. Toluene and 
cyclohexane give a common curve, which lies 1-2 a. above curve I, whilst 
points for carbon tetrachloride lie about 0*5 a. above the latter; 
curves for H2O and DgO coincide exactly but lie 2 A. below curve I, whilst 
^i-octane lies 3 a. above. It was suggested by Broad and Foster that better 
agreement in this latter case would be obtained by assuming tliat the 
long-chain molecule lies flat in the adsorbed layer. Curve IV, wliicli shows 
data for five different liquids reduced very nearly to the same radius-volume 
curve, is based on unpublished work by Batchelor and Foster on an ‘‘ aged ” 
sample of the ferric oxide gel used for the other experiments. It seems 
fair to conclude that if a more exact allowance for the thickness of the 
adsorbed layer could be made, radius-volume curves would, in general, 
coincide. 

(b) The Validity of the Kelvin Equation.—It is generally thought 
that this equation must break down when r approaches molecular dimensions, 
since both y and V may then depart from their normal values, and a 
mathematical analysis of this question is urgently required. For the 
present, we can merely apply the equation in its usual form and seek 
independent confirmation of the correctness, or otherwise, of the calculated 
radii. It is obvious from tlae results just described that the equation 
remains valid for comparative purposes when the calculated radii are of 
the order 20 A., whilst the r-v curves of Broad and Foster® for IIgO and DgO 
on silica gel, which coincide completely, show calculated values as low as 
8 A. Crowther and Puri ^ measured the v.P. of water in soils and also made 
indirect measurements in which moist soil was shaken with benzene and 
the F.P. depression observed. Assuming tliat the v.p. in the latter systems 
was determined by the water-benzene interfacial tension in accordance 
with the Kelvin equation, good agreement between the two methods was 
found even when the calciflated radii were below 10 A. Here again, we 
have no proof of the correctness of the calculated values but merely a 
demonstration of the apparent validity of the equation for comparative 
purposes. 

The term 2/r which appears in eqn. (i) represents the surface/volume 
ratio of a cylinder and arises because when dn moles of liquid condense in 
a pore of radius r, the volume dv covers up free surface (of the adsorbed 
layer on the walls) ds = 2 dv/r. Thus we should not interpret r too literally 
as a simple "radius."" If the cross-section of tlie pores is not circular, 
the factor 2/r must be replaced by the corresponding value of ds/dv. We 
must also not attach too much importance to the approximate agreement 
between these r values and those calculated from the relation r = 2 (total 
volume adsorbed/g.) -7- (total surface area/g.) because this merely proves 
that ds/dv = s/v, and the numerical factor 2 may be incorrect in both cases. 
However, if the pores are uniform in shape we might expect, by comparing 
the values of r obtained by these two methods, to obtain some information 
on the manner in which the equation breaks down, since the second method 
involves no assumption about v or y. 

There are unfortunately few data available which give consistent values 
for surface areas m systems where capillary condensation also occurs. 
Emmett and de Witt ® found hysteresis loops in the sorption of nitrogen, 
oxygen and argon on porous glass. Their radii calculated from zsjv, which 
they denote by rv, average about 31 a, whilst the values derived from 

® Broad and Foster, /. Chem. Soc., 1945, 372. 

’ Crowther and Puri, Proc. Roy. Soc. A, 1924, 106, 232. 

® Emmett and de Witt, J. Amer. Chem. Soo„ 1943, 65, 1253. 
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the Kelvin equation Tk average 22 A., so that addition of 8 A., representing 
two adsorbed layers, would give excellent agreement. Emmett and Cines ® 
extended this work and quote figures for N 2,A and butane on several porous 
glasses which show good agreement between ry and (^k + 4) A., for one adsorbed 
layer, but the agreement would still be reasonably good for (r^ + 8) a., 
assuming two layers. The data of Broad and Foster do not give consistent 
values for the surface area of ferric oxide gel when values of o®, calcidated 
from the density of the liquid, are used for the surface area per molecule. 
The figures for ethyl alcohol give ry = 37 A. compared with (rK + 20) = 31 A. 

(c) Pore Distribution.—^A point on a radius-volume curve represents 
the volume v required to fill all the pores having radii between 0 and n 
The slope dv/dr indicates the volume dv required to fill those pores having 
radii between r and r + dr, hence a graph of dv/dr against r shows the 
extent to which pores of given radius contribute to the total volume. It 
has already been pointed out ^ that this curve corresponds roughly to a 



Fig. 2. 

T Benzcnc-Fe20,(B). ill. HaO-Si02(B). 

II. Dioxau + Alcohol-FcaO®. iv, H^O-AljOg. 


Gaussian distribution. Some typicsl volume-distribution curves are shown 
in Fig. 2; some axe obviously not quite symmetrical, but none are very 
markedly skew, and all show a clearly defined maximum corresponding to 
the point of inflexion in the radius-volume curve and indicating the mean 
value of the capillary radius. In general, the smaller the mean radius the 
diaxper the maximum, e.g., silica gel B with a radius of 10 A. shows a mudi 
harper peak than ferric oxide B where the mean radius is 90 A. Higuti 
observed a similar effect with a mixed gd of titania and ferric oxide. Raising 
the temperature of activation increased the pore radius and lowered the 
height of the distribution curve whilst at the same time the total volume 
was diminished. The ferric oxide gd investigated by Lambert and Foster 
showed the same behaviour after treatment with water.^ It will be observed 
that some curves do not extend far to the left of the maximum. This is 


® Emmett and Cines, J. Physic. Chem., 1947, 51, 1248. 
Higntf, BuiL Ins/, Phys, Chem, Pes., Tokyo, 1939, i8, 657 
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because condensation gives way to layer adsorption as the pressure falls, 
and we are then unable to apply the Kelvin equation. So far as capillary 
effects are concerned the axis should be shifted to correspond with the 
point at which hysteresis begins, and volumes reckoned from the start of 
the condensation process and not from the beginning of layer adsorption. 
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The statement that the dvjdr curves show the pores to be distributed 
according to tlie normal law of probability is not strictly true. It is really 
the number of pores of different radii rather than their volume which we 


dw/dr dv/df 



dnidv dojdr 
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would expect to be distributed in this manner. The actual pores are most 
likely to be highly irregular spaces and cavities between coagulated particles 
of solid, the sizes of which are distributed around a mean. The Kelvin 
equation, as we have shown, interprets this complex structure in terms of 
a simpler structure of uniform non-intcrsccting cylinders ol varying radii. 
If we assume these to have unit length, then tiie volume of <my group of 
n cylinders of radius r is obviously nrhi. If then, there arc An, such cylinders 
having radii between r and f + dr, their volume will bo dr — nrhXn, If we 
take die normal error function to denote the distribution of radii about the 
mean value a we shall have 

An = k exp { — h^{r — ^) 2 }dr . . . (3) 

with a maximum at r = ^ 

d?; = = Ai;rr2 exp — a)^}dr . . (4) 

d^/dr^ = 0 when — rh^a — 1 = 0 giving 

rmax= + 4/^^)“^} 

which reduces to rmax= ^ only when h»a. If the AvjAr values for the curves 
in Fig, 2 are divided by r®, no ditierence can be detected in the radii at which 
the maxima occur so wc may infer that this condition is fulfilled for these 
systems. 




H2O —SiOi System. 

Fig. 

It is of interest to consider simpler distributions than that of eqn. (3). 
In Fig. 3 I have sketched roughly the curves of Anjdr, dv/dr and v against r 
for a number of simple cases. It appears tliat the v~r curve will be concave 
to the V axis unless AnjAr falls oil at least as the — 5/2 power of r (V). 
Case II is the simplest to give a curve resembling any actual v-r curve. 
A simple exponential decay d«/dr = ae-^ also gives this type of curve (VII), 
which is also found even when one branch of the normal probability curve 
is missing, i,e., in the case a = o, which makes y = 0 the most probable 
mdius (VIII). Tlie normal error function with a ^2 and = i is shown 
in (IX^), The displacement of raax from a is clearly shovm in curve 6, 

It is difficult to say how far any of these distributions are likely to be 
re^ed in practice. AU curves so far described show reasonable agreement 
vdth Case IX. A new sample of silica gel which has just been examined * 
gives the remarkable water isothermal shown in Fig. 4. The pressure is 
proportional to concentration between the limits 8-16 mm. (i.e., 150-450 
mg./g.) covering practically the entire hysteresis area. The v-r curve has 
no inflexion over the range of capillary condensation and consequently the 
Av/Ar curve shows no maximmn. I do not think this abnormal behaviour 
can be attributed to the disturbing effect of layer adsorption or to the 
giPiallness of the pore radii, since other silica gels show normal distributions 

♦ Miss M. J. Brown (unpublished work). 
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down to 8 A. If tlic Kelvin equation is written in the form 
x{=Plpo) (-bir). 

and the linear range of the isothermal as a; = + at;, where v is reckoned 

from the beginning of capillary condensation, the curve will be represented 
by the relation, 

exp ( — bjr) ^ Xq + av 

and dv/dr ~ exp ( — bjr), 

or dnjdr qc 

a combination of exponential and inverse fourth-power decay* In theory 
dvjdr will have a maximum z.tr=^blz which corresponds to a? = e‘“®= 0-135, 
which is too low a relative pressure for condensation to occur (r == 4 a.). 

Finally, since we have shown that the maxima of dvjdr and dnjdr do not 
in general coincide, we must consider whether we are justified in using the 
relation sjv = 2jr for an assembly of non-uniform pores. For the surface 
and volume of a small number dn of pores between r and f + dr we shall 
have ds = ‘Zjcrdn and dt; = TtrMn 


00 

whence s = 2 ^k^r exp ( — h^{r — ay) 6 r 
<» 

and V = exp ( — h\r — ff)®) dr 


o 

Evaluation of these integrals shows that there is no simple solution 
except when ah is large, when of course wc get the expected result $jv == 2/a, 
where a is tlie ** mean " radius 


^ 2ah^\/Ti 

Since we have already shown that tlae maxima of the dn and the dv 
curves coincide for the systems illustrated in Fig. 2, we may assume that 
the simple relation is also valid for these systems* Obviously, however, 
we must use this relation with care especially when the distribution curve 
is flat or unknown. 


II. Determination of Surface Areas 

Comprehensive reviews have been given by Brunauer^^ and Emmett.'® 
Methods based on actual sorption measurements from the gas phase fall 
into two classes (i) based on the Langmuir equation and hence on measure* 
ments carried out whilst the monolayer is actually bcii^ formed, and 
(ii) based on the multilayer theory, where the amount required to complete 
the monolayer is obtained by extrapolation from the region of multi-layer 
adsorption. In endeavouring to calculate the surface area by these methods 
the common difficulty is to choose a suitable value for the area occupied 
by a single adsorbed molecule. In the absence of definite information 
about molecular orientation it is customary to use the value of o’® calculated 
by eqn. (2). 

(a) Langmuir Method.—The linear plot 

piq = ilzb + j>lz .... ( 5 ) 

enables the saturation value z to be determined easily. A number of low- 
pressure isotherms which obey this relation have been described recently 

HRef.* Ch,IX* 

Advances in Colloid Science (New York, 194 ^)» Vol I. 

Foster, J, Chem, Soc,, 1945, 360. 
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and I have indicated how a correction for multilayer adsorption can be 
applied in favourable cases.^* 

(b) B.E.T. Method.—The fundamental equation of the B.E.T. theory 

i, # ... (6) 

where v is the actual amount adsorbed at pressure p, and Vf^ tlic amount 
required to complete the monolayer. The equation is derived by summation 
over an infinite number of layers and, in practice, a linear relation is not 
found over a very wide range. I have discussed elsewhere some of the 
simple limiting cases which might reasonably be expected.^® Examination of 
the now extensive adsorption data for non-porous solids fails to reveal any 
systems which show particularly good agreement with the limiting case 
= PoKPtrP) which arises when the heat of sorption in the first layer is 
large and c large. 

(c) “ Point A ” and “ Point B ** Methods.—^These were derived 
before the development of the multilayer theory and apply only to iso- 
thermals with a linear middle portion which begins at " point B and 
extrapolates to zero pressure at '' point A.*' I have already shown that 
when low-pressure data are available the “ point A " values agree well with 
those obtained from the Langmuir equation, and also that there is some 
theoretical basis for the point A," but not for the “ point B " method. 

(d) Harkins-Jura Absolute Method.—If a non-porous solid 
covered with an adsorbed fihn in the presence of saturated vapour is immersed 
in bulk liquid heat H is evolved given by = 4*185 x lo*^ Hjh, where 
X is the surface area and h the total surface energy y — Tdy/dr. X may 
thus be determined calorimetrically without assumptions about surface 
areas of molecules. The area of a sample of anatase (TiOg) found by this 
method agreed closely with the value found by the B.E.T. method taldng 
(fi = 16*2 A.* for N 2- The method is also applicable to porous solids since 
the heat change accompanying capillary condensation is a similar effect. 
The data of Lambert and Clark for benzene or ferric oxide show an integral 
heat of sorption over the hysteresis area of 2*30 cal., which with A = 66 erg./cm.* 
gives X = 1-44 x 10® cm./^ Direct appUcation of the Kelvin equation 
gives r = 16 A., whence X = zvjr, where v is the volume range of the 
hysteresis loop = 0-115 cm.«, giving X = 1-44 x io«. This is, of course, 
the surface of the adsorbed layer which is less than the true surface of the 
solid in the ratio r/ (r + A), where J is the thickness of the layer. 

(e) Harkins-Jura “ Relative Method.—According to these workers,^® 
condensed films in monolayers follow the empirical relation 

• • • • (7) 

where 7 t is the surface pressure (fonnerly denoted by F) and Cm (fonaerly A) 
the area available per molecule in the surface layer, defined by 

Cm^MZ/Nq .... (8) 

where Mjq is the adsorption in mole/g. and X the specific surface. Eqn, (7) 
may be substituted into the Gibbs* equation 


Foster, J. Chefit. Soc., 1945, 773. 

Foster, y. Ckem Soc., 1945, 769. 

^•Harians and Jura, J. Amer. Chem. Soc., 1944, 1362. 

La mb ert and Clark, Proc, Roy. Soc. A, X929, 122, 497. 
^®Har 3 diis and Jura, J. Amer. Chem. Soc., 1946, 68, 1941. 
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giving 

d loge p = {a{MEYINRT}&qjq^ 
which on integration gives the Ilarkins-Jura isotherm, 

logo Ajq^ 


( 9 ) 

( 10 ) 

(II) 


where A = a{MI!)^j 2 NRT, 

or 27 = kA^, where =-^ 2NRTIaM^, and is assumed to be chanu't<'ristic 
of a given adsorbate at a given temperature, independent of tlic nature of 
the adsorbent; k can be evaluated from a single experiment by th(‘ al:)soliito 
method on a non-porous solid and this value used for other adsorbents, 
porous or non-porous, at the same temperature.^® 


TABLE I 


Molecule 


Area per Molecule (a.®) 


HjO 



X 

10-8 

2 

14*8 

3 

ro-6 

4 

A .. 



13-7 

— 

— 

• 

NH3 



13-8 

— 

— 

- 

COa 



14*2 

— 

- 

- 

C.H, 



T5*2 

— 

— 


Kr .. 



t 5*2 

— 

- 

20-8 

N*.. 



I 6-2 

i6‘i 

1 . 5-4 

I 6*2 

CHClaF .. 



26*4 

— 


40*0 

I-Butene ., 



30-5 

— 

— 

427 

«-C8H,0H 



31*3 1 

•— 

20*0 

— 

W-C4H10 • ■ 



32*0 

56*6 

— 

47*0 

w-CiyH ja ■ • 



45-0 

64*0 

55-0 

_ 


5 

19*5 

15 * 1 - 

20-1 

22*2 

16*2 


49-0 


Column I. —Calculation Irom eqn. (2). 

„ 2.—Harkins and Jura,^® Calculation for best fit of B.E.T. 

Method with H.J. method. (TiO#, ZrSiO,, BaSO*, SiOg.) 

„ 3.—Livingston.®® (SiOj, Ti02, BaSO^. Graphite.) 

„ 4.—^Davis, de Witt and Emmett,*® (Metal foil, glass spheres. 

AljO,, SiOa. ZnO, W.) 

„ 5.—Emmett and Cincs,® (Porous glass.) 


Livingston and Emmett have both considered the compatibility of 
the B.E.T. tlicory with the Harkins-Jura relation and conclude tliat, if a 
given set of data follow the B.E.T. equation, the H.J. method will not give 
a linear plot unless the B.E.T. constant c is at least 50. The value of a* 
needed to make the two methods agree increases with c, e.g., from 13-6 to 
24*6 A.® for N2 as c changes from 50 to 1000. On the one hand, Harkins and 
Jura^® criticise the B.E.T. assumption of constant molecular area for a 
given adsorbate and on the other, Emmett®^ criticises the assumption 
Slat kt which depends on a in eqn. (7), is independent of the adsorbent. 
In spite of the apparent agreement between the two methods obtained 
by Harkins and Jura,^® we must remember that both theories are empirical, 
the H J. theory because it uses an empirical relation (7) to integrate the 
Gibbs’ equation and the B.E.T. because its fundamental assumption is untrue, 
viz., that the net heat of soiption is zero for all layers after the first. Harkins 
and Jura^® having determined 2 by the absolute method used the B.E.T. 

1® Harkins and Jura, J, Amer, Chem, Soc., 1944, 66, 1366. 

*® Livingston, J, Chem, Physics, 1947. 

« Emmett. /. Amer Chem, 5 oc., 1946, 68, 1784. 

** livingston, 7 . Amcr, Cham, Soc,, 1944, 66, 569, 

** Davis, de Witt and Emmett, J. Physic, Chsm*, 1947, 51, 123a, 









50 


PORE SIZE AND PORE DISTRIBUTION 


method to determine the monolayer adsorption and then calculated per 
molecule of N2. For 86 different solids, they quote 16 different values, 
grouped mainly round three peaks at 14*05, 15*25 and 16*05 a.®. The 
smallest area 13*6 lies close to that calculated from the density of solid 
N2 and the largest i6*8 lies close to that calculated from the density of 
liquid Ng. 

In Table I, I have collected the available data for observed surface 
areas per molecule. The fact tliat the product (z/M) is not constant 
when the values of column i (calculated from eqn. (2)) are used is surprising 
since both Goldmann and Polanyi on charcoals and Broad and Foster 
on silica gel B found excellent agreement. On silica gel A, the latter 
workers found that the product decreased with increasing molecular diameter, 
and that zjM gave a linear plot against i/o^ which no longer passed through 
the origin. This was attributed to the presence of tapering capillaries 
about 10 A. wide at their open ends. None of the results quoted in Table I 
appears to be capable of interpretation in a similar manner and we are 
thus left in a most unsatisfactory position. The problem is probably 
related to that arising in the discussion of volume-radius curves, i.e., if the 
area of the monolayer cannot be estimated from the “ normal" cross- 
sectional area or®, we cannot expect or itself to represent accurately the 
*' thickness'' of the adsorbed layer, since both are calculated from eqn. (2). 
At present, I can only suggest some such explanation as that proposed by 
Herington and Rideal,®® who pointed out that if a hexagonal molecule had 
to be attached to fixed points in the lattice of the soUd at all its comers, 
the surface would never be completely covered and even at saturation as 
much as 35 % might be bare. It is difficult, however, to see how such an 
explanation could apply to small and simple molecules like Ng and A. 

III. The Shape of Sorption Isothermals 

When condensation occurs and can be recognised as such, e.g., by the 
appearance of a hysteresis loop, we can apply the Kelvin equation to deter¬ 
mine the pore raefius. The smallest calculated radii at which condensation 
appears are of the order 10 a. Thus, water on silica gel shows hysteresis 
from II A. down to about 8 A. whilst other liquids show mean radii of 
about 15 A. on silica and titania gels. Taking 5 a. as an average molecular 
diameter, a calculated radius of 15 a. corresponds to a true pore radius 
about five times the molecular diameter, if the adsorbed layer is two mole¬ 
cules thick. It follows that our remaining problem—^how to estimate pore 
size when condensation does not occur—is concerned with the behaviour 
of systems in which rja < 5. We can recognise the cases where r/cr = i or 2 
by the fact that unimolccular adsorption tlien accounts for virtually the 
entire sorption process, and axe thus left with rja varying Irom 3-5 as the 
cases to be identified. 

I have already shown that when n is put equal to 2 or 3 the B.E.T. 
theoiy predicts linear isothermals. The effect of the curvature of the 
surface of the adsorbent, which is ignored by this theory, has been considered 
by Broad and Foster ® who showed that isothermals for ^ = 4 — 6 at curved 
surfaces would assume roughly the same diape as those for which » = 2 — 3 
at a plane surface. We can thus regard the linear isothermals found for 
alcohols on silica gel as representing the intermediate case where n lies 
between 2 —- 6. (The converse argument that » = 2 — 6 necessarily gives 
a Kneax isothermal does not apply since the magnitude of the heat of sorption 
is also involved.) 

Goldmann and Polanyi, Z. phystk. Ghent,, 1928,15a, 356, 

Broad and Foster, J. Chem. Soc., 1945, 366. 

Herington and Rideal, Trans* Faraday Soc,, 1944, 4 ®» 5 ^ 5 * 
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A further check can be made by using the relation r = 2^/5, but a simpler 
method is to calculate the ratio of the monolayer to the total sorption 
(^/?s)* The percentage of total volume of a cylinder represented by the 
first layer has the following values : 

n 123456789 10 

^/?a(%) 100 75 55 44 36 30 26 23 21 19 

Thus, when we find zjqs = 51 for ethyl alcohol on silica gel B, we suspect 
n to lie between 3 and 4 which would give r = 15 — 20 A. On the same 
gel, water shows a large hysteresis loop with mean radius 10 a. corresponding 
to a true radius of 16 — 17 a. if two layers are present. 

Summary 

The determination of capillary radii of porous solids by application of the Kelvin 
equation, from estimates of surface area and indirect methods, is discussed. It is 
shown that radius-volume curves for ditterent substances on a given adsorbent can 
be made to coincide when allowance is made for the thickness of the adsorbed layer. 
Volume-distribution curves, showing how far pores of given radius contribute to the 
total pore-volume, are described for SiO 2, FegOg and AlgOs gels, and the ejffect of different 
distribution of pore radii on the shape of the isothermal is discussed. Jt is suggested 
that the difficulty of estimating molecular surface areas encountered in applying the 
B.E.T. and other adsorption methods to the determination of surface areas is related 
to the difficulty in estimating the thickness of the adsorbed layer which is encountered 
in applying the capillary theory. 

Chemistry Department, 

Royal Holloway College, 

{University of London), 

Englefidd Green, Surrey, 


MEASUREMENT OF INTERNAL SURFACE BY 
NEGATIVE ADSORPTION 

By E, K. Schofield and 0 . Talibuddin 
Received xst March, 1948 

The purpose of this paper is to show how measurements of the small 
increase in concentration that occurs when a salt solution is shaken up with 
a sample of dry fibre may be used, in certain circumstances, to calculate both 
the internal surface and the volume of pore space inside the fibres. The 
theoretical background is provided by Gouy^s ^ theory of the ionic distribu¬ 
tion in the diffuse component of the electric double-layer, which the first- 
named author^ has extended to obtain an expression for the negative 
adsorption of the ions electrostatically repelled from the phase boundary. 
With mathematical help from Dr. M. H. Quenouille he obtained, for the 
case when aU the attracted ions have valency v and all the repelled ions have 
valency v/p, the expression 

— =—^ ■.4. , . • . fi) 

n Vv^n vfir ’ ’ ’ * w 

as a good approximation, provided the first term is several times the second. 

1 J. Physique, 1910, 9, 457. 

* Nature, 1947, 160, 408. 
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Here n is the electrolyte 
charge in the difiuse layer 


TABLE I 


Valency 

llatio 

P 

Factor 

Q 

0 

3-1416 (w) 

1/7 

2-91 

1/6 

2-88 

1/5 

2*83 

1/4 

2*76 

1/3 

2*65 

1/2 

2*4495 (V'6) 

I 

2-0000 

3/2 

1-69 __ 

2 

1*4641 (VI2—2) 

3 

i-i6 

4 

0-96 


about 10, 


concentration in m.equ./cc., and F is the total 
expressed in m.equ./cm.^, is the part of F due 
to the deficit of repelled ions. ^ stands 
for SnF^lsRT, so that has the value 
j.*q 6 v . 10^® cm./m.equ. for water at 20° c. 
q depends on the valency ratio, p, in the 
manner shown in Table I, where the 
entries to four decimal places have been 
directly calculated, and the rest obtained 
from them by a graphical method. 

Eqn. (i) has been worked out for the 
case of a plane interface and an infinite 
depth of liquid in which the ions are in 
ideal solution, and caution must be 
exercised in appl;^’ing it to a natural 
fibre in a real salt solution. Still assuming 
ideal solution, an examination of the case, 
where two parallel and opposed interfaces 
are separated by a finite distance 2X, 
shows that when v^FX is less than 


F 

nX 




(2) 


approximately. Eqn. (2) is, in effect, Donnan*s equation for the membrane 
equilibrium in the form {zjx) = {ylx)~^ — (ylx). Hence, if v^FX is too 
small, (i) is not valid at any value of n. If, however, v^FX exceeds about 
30, eqn. (i) can be applied for values of ql\/v^ between about isHv^F) 
and X/2 (values computed for ^ = i). The approximation is closer the 
wider this gap. 

Whatever the value of v^FX, the equation 


— = X - bnVp 
n 


(3) 


holds approximately when is a small fraction of X, b being a constant 
depending on p, vjS, F and X. The extrapolation, used below to obtain 
the volume of the pore space, is based on this approximation. 

The main effect of departures from ideal solution as in eqn. (3) of specific 
adsorption of the attracted ions and of hydration effects close to tlxe interface 
is to increase or decrease the part of F^jn that is independent of n. Thus the 
slope of the graph of FJn against i/Vw should be close to q|^/vp within 
the range of n appropriate to eqn. (i), but these disturbances will prevent 
us from oblaming F from the intercept. 

No precise treatment of tlie effects of curvature of the interface has been 
attempted. It is clearly desirable that the principal curvatures should 
eversTwhere be small compared with y'vjgw. Even when this is not true in 
detail, some compensation may arise between portions of the interface 
having opposite curvatures. The area obtained below for the internal 
surface of jute fibres must be regarded as the equivalent area of a plane 
interfcLce. 


Experimental 

One sample of retted “ white jute and two of retted “ red ** jute, Mndly given 
by the Indian Jute Mills Association, which we will distinguish by the letters 
A, B and C, were milled, and then steeped in n./ioo Na2C08 solution in order 
to hydrolyse ester linkages. They were then washed with water until small 
test samples, when shaken up with n. KCl solution, showed a pK value a little 
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below 7.* The samples were then divided into pads which were washed with 
Li, Na, K and Ca chlorides respectively, and then with water, until they wt'r*' 
free of chloride. These sub-samples were air-dri(‘d at room temperature, and 
stored in desiccators over CaCls. The p's. values determined in n. KCl were all 
close to 6. 

TO g. portions of the calcium-treated jutes were leached with KCT solutions, 
and the exchangeable calcium released was determined. In this way th<‘ number, 
E, of milliequivalents of negatively charged groups (mainly — C'OCr groups) 
attached to loo g. of dry fibre was found for each sami)le, the loss of water on 
drying at 105® c. having been determined on separate portions. 

Experiments were made on sample C using J i, Na, K and Ca chlorides at 
concentrations from N./128 to n. The strongest solutions were not used in 
experiments with samples A and B, since it is doubtful whether a theory that 
postulates ideal solution can usefully be applied to solutions more concentrated 
than N./io. The experiments on sample A were made with Na and Ca chlorides, 
and on sample B with KCl also. 

In each experiment, a 10 g. portion of the sub-sample containing the appro¬ 
priate cation was weighed into a dry flask. After adding 200 cc. of the test 
solution, the flask was tightly stoppered, shaken several times, left standing 
overnight and again shaken well next morning. A convenient volume of the 
resulting solution was then delivered into a second dry flask, and weighed, and 
its chloride content was determined by the Volhard method. A parallel 
determination was also made of the chloride in a similar weighed volume of the 
original solution. The small increase, in the concentration could usually bo 
estimated to about 3 %, the determinations for the strongest solutions being 
least exact. For each experiment the percentage moisture, m, in the fibre 
(dry basis) was determined by drying a separate 5 g. portion in an oven at 105° c. 

In order to find out how much of the observed ellcct must be ascribed to 
agencies other than the negative charges, parallel experiments were made with 
solutions containing N./20 HCl. As these solutions have ps 1*3, most of the 
carboxyl groups were in the uncharged —COO’* condition. The weakest of 
these solutions contained only N./20 HCl except for the small number of metallic 
ions released from the fibre. The next contained the salt in addition at N./20, 
making the total chloride concentration N./io. Only with sample C were these 
experiments taken up to normal chloride. A base-free sub-sample was prepared 
from sample C by washing it first with HCl and then with water until it was free 
of chloride. This, when dry, produced concentration changes in N./20 HCl 
that increased with the time of storage, indicating an instability of structure. 

Results 

It is convenient to distinguish by the sufi&xes 6 and 1-3 the results obtained at 
ps 6 and ps 1*3 respectively, and to define Ue by the equation 

= 20(100 -f m) -f w . . , , (4) 

with a similar equation for Uj.,. A set of values for sample C in NaCl solutions 
is set out in Table II. 

It will be seen that Vi.z rises with fall in to a maximum value which is 
practically attained at N./io. Although it is impossible to obtain ps 1-3 in 
solutions weaker than N./20 it is reasonable to consider that 11 cc. per 100 g. is 
the paxt of not due to the negative charges at all concentrations below N./20. 
This II cc. presumably represents water inside the fibre substance from which 
chloride ions are completely excluded owing to their size. It coiresponds to the 
12*5 cc. of water which has been observed by Sookne and Harris ® to be taken 
from acid solutions by cotton. 

The cause of the fall in Uj.® with rise in n above n./io cannot be given with 
certainty. It may indicate a positive adsoiption of chloride occurring when the 
electrical potential in the solution in contact with the internal surfece of the 

* Text, Res,, 1940,10, 405. 

♦ For the basis of this technique, see Saric and Schofield, Proc. Roy. Soc. A, 1946, 
431 - 
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fibre IS only slightly less than that in the bulk of the solution. This efiect would 
diminish rapidly with reduction in salt concentration because the concentration 
of chloride ions against the surface is further reduced by the mounting difference 
in electrical potential. 

TABLE II —Negativl Adsorpiion or Chloride by Jute 


{Sample C tv Natl) 


Chloride 

cone 

n 

Ve 

{pli 6) 
cc /lOO g 

(Pil 1 * 3 ) 
cc /lOO g. 

DilToicncc 

VJJ 

cc /lOO g 

(I 

A 

1*0 

15*1 

7*3 

7-8 

6-1 

0*5 

23-7 

8-8 

14-9 

8-6 

0*2 

32*7 

10-2 

22-5 

137 

0*1 

40*3 

10-9 

29-i 

19*3 

0*05 

31*2 

II-O 

43-2 

27-3 

0-025 i 

1 59*4 

(Il-o) 

48-4 

38*0 

0-0125 

72-2 

(II-O) 

6i-2 

51*6 

0-00625 ] 

79*4 

(II-O) 

68-4 

772 

0 0 

(86-0) 

(II-O) 

( 73 - 0 ) 

CO 


The quantity of greatest interest is the diflcrence ve between and 
for this is the direct consequence of the presence at ;^h 6 of E m equ. of negative 
charges per loo g. A plot of ve against n (cp.eqn. (3)) shows that ve is tending 
to the limit, V, when n is very small. V for sample C is 75 cc. per 100 g. This 
is evidently the volume of the water-filled pore space which is freely accessible 
to chloride ions when the internal surface is uncharged, but from which chloride 
ions tend to be excluded when it is negatively charged. 

In order to show how eqn. 
(i) can be used to obtain the 
internal surface the experi¬ 
mental values of ve for sample 
C in Li, Na, and K chlorides 
are plot ted in Fig. i against 
qlVv^n, There is a distinct 
tendency for the points for 
LiCl to be above, and those 
for KCl to be below, the points 
for NaCl; but there is no 
indication of any difference 
in slope at the higher concen¬ 
trations or m F. Only one 
curve has therefore been drawn. 
The equivalent plane area, A, 
obtained from the slope of the 
straight portion is 1*5 X 10® 
cm.® per 100 g., or 150 m.® 
per g. Dividing E by 4 we 
get 1-47 X 10“’ m.eqn./cm.® 
for r, so that xsJv^F = ii a. Dividing F by we get 50 A. for X so 
that XI2 = 25 A. Hence we were justified in using the dope between these 
limits to obtain A. As a further check, values for ve were calculated by 
means of Donnan's equation, and these were used to construct the 
broken curve. This faib well above the experimental points where they 
have been used to obtain the internal area. Thus the conditions that must 
be fulfilled when (i) is used to obtain the equivalent plane area are 
satisfied in the case of sample C. The value thus obtained for A is roughly 
a thousand times the external surface of the fibres. 
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The results for sample B (the other sample ofred'' jute) are similar to 
those for sample C, but tliose for sample A (the white " jute) plotted in 
Fig'. 2 are strikingly different. Wlicn the Donnan curve was constructed 



Fig. 2 


it was found to fit the experimental points for NaCl within the limits of 
experimental error. Eqn. (i) cannot, therefore, be used to obtain the 
internal surface of this sample. 

The information obtained about the internal pore space of the tlirce 
samples of jute from experiments with solutions of the alkali chlorides is 
summarised in Table III. The values in parenthesis are based on considera¬ 
tions given in the discussion. 


TABLE III 



White Jute 
Sample A 

Red Jute 
Sample B 

Red Jute 
Sample C 

E m.cqu./ioo g. . 

6*6 

i6*o 

22*0 

V cc./ioo g.. 


68 

75 

A m.Vg. 

(200) 

130 

150 

r m.cqu./cm,* 

(0-33 . lo-’) 

1*23 . 

1*47 . lOr-’ 

^ A. . . 

h) 

52 

50 


The results obtained with CaClg were not entirely concordant. For this 
salt 9/Vr is 1-03 compared with 2 for the alkali chlorides, and the results 
obtained with samples B and C generally reflect this difference. Three 
experiments with sample A gave points that all lie below the Donnan curve. 
If these results can be confirmed and extended, they may enable us to make 
a rough estimate of the surface area. 

Discussion 

The value of F obtained for sample C, if interpreted as a uniform surface 
distribution of negatively charged groups, gives an average distance of 
about 12 A. between neighbouring groups, while the value of X indicates 
that, on an average, the surfaces are separated by about lOOA. It is, 
therefore, quite reasonable to picture these groups as giving rise to an 
ionic distribution of the Gouy type. 
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On general grounds it is likely that, in sample A also, the negative groups 
are distributed over an internal surface. The close fit of the points in Fig, 2 
to the Donnan curve indicates that v^FX = v^EVjA^ cannot much exceed 
10, so A cannot be much less than 200 m.®/g. This value gives 
0*33 X io~’ m.equ./cm.2 for F and 27 a. for X, In this case, the negative 
groups would be spaced at about 25 A. on the internal surfaces which would 
on an average be separated by about 50 a. In this case it is not to be 
expected that the Gouy treatment would be applicable. Since it appears 
that the negative groups are distributed nearly uniformly througli the 
volume of the pore space, we would expect Donnan's equation to hold as 
Procter ^ found it to do in the case of swollen gelatine. On the other hand, 
the Congo Red studied by Donnan and Harris ® did not obey Donnan's 
equation very closely, presumably because the --SO3’* groups are not 
uniformly dispersed in the solution but clustered on the surfaces of micelles. 

Summary 

An extension of Gouy's treatment gives the equation 

L- - ..(I) 

n Vv^n ''pr ' 

for the negative adsorption of the repelled ions in the dijffuse part of the electric 
double-layer. The conditions under which this equation can be applied and the errors 
that may arise in non-ideal conditions are set out. 

Measurements have been made at 6 and pH 1*3 of the small increase in concentra¬ 
tion occurring when samples of jute are shaken up in chloride solutions, the concentra¬ 
tion, n, ranging from n. to N./128. At pa 1*3, the volume Vj.s of water taken by 100 g. 
of dry jute is dose to ii cc. for concentrations below n./io. This water is presumably 
taken into the fibre substance where chloride ions cannot enter. At pn 6 the volume 
©e is greater than Vj.a. The difference, vg, must be due to the influence of the negatively 
charged groups. Their amount, E, was determined for each of the three samples of 
jute by cation exchange. The limit, K, of vjg as %-->o is the volume of the pore space 
which ranges from 50 to 75 cc. per 100 g. 

In the case of two samples of “ red " jute all the conditions for the application of 
eqn. (x) were fulfilled over a sufficient range of concentration for the equivalent plane 
area,_^, of the internal surface to be obtained from the slope of the graph of vg against 
ql'\/v^n. It is roughly a thousand times the external surface of the fibres. In the case 
of a sample of white ” jute the conditions are not fulfilled, and the results follow 
Donnan's equation for the membrane equilibrium. In the " red ** jute the average 
separation of negative (mainly —COO") groups on the internal surface is about 12 a. 
and the average width of the pore space about 100 a. In the white " jute the groups 
are at least 25 a. apart on the surface and the average width of the pore space does not 
exceed 50 a. 

Rothamsted E^peyimented Station, 

Harpenden, Herts. 

*J. Chem. Soc., 1914, 105, 313. 

Chem. SoG., 19x1, 99, 1554. 


IONIC DIFFUSION AND ELECTRICAL CONDUCTIVITY 
IN SANDS AND CLAYS 

By R. K. Schofield and C. Dakshinamurti 
Received 26ih February, 1948 

It has often been suggested, but never proved, that water in fine pores 
suffers a modification of its properties through the operation of long-range 
forces. It appeared possible that a quantitative study of the migration 
of ions through media having pores of widely different sizes might provide 
new evidence. In any case, since ions diffuse through soil to plant roots. 



R. K. SCHOFIELD AND C. DAKSHINAMURTI 37 

a study of ionic diffusion in porous media more or less resembling soil 
appeared very desirable. 

As none of the methods hitherto used appeared suitable, a new technique 
has been developed. In order to simplify the underlying theory, all our 
diffusion experiments have been carried out under conditions of constant 
total ionic concentration. Thus, when n./io KHr and N./io KNO3 come 
into contact there is an inter-dihusion in which the sum of tlie nitrate and 
bromide concentrations remains practically unaltered. This is because the 
nitrate ion has nearly the same mobility as the bromide ion. Were their 
mobilities exactly equal, the diffusion process would be governed by a single 
diffusion constant for any given total concentration and temperature. 
In the more general case represented by the inter-diffusion of n./io KBr 
and n./io NH4NO3, there are two diffusion constants, one for the anions 
and another for the cations. 


Theoretical 

Im^ine that two still solutions, A and B, containing ions of equal 
mobilities, but chemically distinguishable, and of the same concentration, 
Cp, are brought into contact at a plane surface. The ions of solution A 
will at once start to diffuse into solution B, and vice versa. From considera¬ 
tions of symmetry it is evident that, in the plane where contact was made, 
the ionic concentrations will immediately fall to, and remain at, Cb == ICq. 
Following the treatment of Einstein^ the amount, q, of ions tliat diffuse 
across area A of this plane in time r is related to the diffusion coefficient, D, 
and the root mean square displacement of an individual ion, Ax by the 
equation, _ 

Vf ‘ ^ • ' ■ • 

For diffusion into a solution of depth 1-5 Ax, q is only 0-2 % less than for 
diffusion into a solution of infinite depth. 

If one of the two solutions was held in a system of parallel channels occupy¬ 
ing only a fraction, /, of the total cross-section, ions initially at concentra¬ 
tion Co in these channels would maintain a concentration Cb at the boundary 
such that 

.... ( 2 ) 

In this case if q, A, / and Cq are measured, D is obtained by combining 
eqn. (i) and (2). 

If one of the solutions is held in a porous bed, Cb can be determined by 
(i), if q, A and r are measured and D is known. An effective value of / 
can then be obtained by using (2). 

Experimental 

Tubes of about 0*5 mm. bore and external diam. 2-0 mm. were cut to a length 
of 4*5 cm. and ground at both ends. They were tightly packed in the lower 
part of a flat-bottomed cylindrical vessel so that the ground ends were level. 
The space inside and between the tubes was filled with n./io KBr solution, 
and the excess KBr solution on top of the ground surface was removed. The 
volume of the liqxdd that filled the capillaries wsis obtained by weighing, and the 
fractional area, /, was calculated. In the first two experiments n./io KNO* 
solution, and in tlae subsequent experiments n./io NH4NOa solution, was placed 
above the tubes to a height of 4-5 cm. The solution was delivered slowly through 
a capillary tube, bent up at the end, which was held against the w^l of the 


^ Einstein, Ann, Physik^ 1905,17, 549. 
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vessel and raised as the filling proceeded so as to cause as little mixing as possible. 
Even if there is slight mixing, its efiect on the total amount of the ionic diffusion 
will be insignificant since it amounts to shifting the time of starting the experi¬ 
ment by a few minutes only, the amount diltused being proportional to the 
square root of the time of dillusion. During the diffusion, the upper end of the 
vessel was closed with a ground-glass plate smeared with grease to prevent 
evaporation. The experiments were conducted in a constant temperature 
room at about 20'5° c. 

The choice of the clectroljd^es used in the experiments was based on two 
considerations, (i) The density of the KBr solution which filled the lower part 
of the vessel is greater than that of either the KNO 3 or NH4NO 3 solution of 
the same concentration. This ensures that the mixing is not due to the density 
differences. (2) It is known from conductivity data that the mobility of the 
NO a” ion is only a little less than that of the Bir ion, and the agreement between 
the mobilities of the K+ and NH4+ ions is even closer. The amount of bromide 
found in the upper solution will thus give very nearly the diffusion coefficient of 
the Br- ion in N./io KBr or n./io NH4Br solutions. At the same time, the 
ammonium found in the lower solution should give even more closely the 
coefficient for the NH4+ ion in n./io NH4NO 3 or n./io NH^Br. 

After a measured time the upper liquid was removed with a pipette fitted with 
a hypodermic needle. The amount of solution left in the lower part was checked 
by re-weighing, and the appropriate correction was apphed in calculating the 
amount diffused. This correction, however, was usually less than 1 %. The 
solution that was removed would contain the K+ and Bit ions that diffused 
upwards and would be depleted by the K+ and NO 3“ ions, or NH4+ and NO f ions, 
that diffused downwards. The quantity of bromide and ammonium was 
estimated volumetrically. 

The accuracy of the diffusion measmrements depends mostly on the accuracy 
of the estimation of these ions in small quantities. The quantities of bromide 
could be determined to within i % error. For ease of manipulation the loss of 
ammonium from the upper solution was determined by difference. The results 
obtained in this way are less accurate than was expected. The results for 
ammonium ions are, nevertheless, given in the Tables to show the order of 
magnitude of the values obtained. 


Results 


The values of the diffusion coefficients for bromide and ammonium ions are 
recorded in Table I. 

TABLE I. 


Diffusion Coefficients for Br“ and NH4+ 


Temperature 
® c. 

A 

cm.* 

/ 

T 

days 

?/Co 

for 

bromide 

CO. 

DBf-- 

cm.*/day 

S/Co 

for 

ammon¬ 
ium cc. 

i>NH4+ 
cm.*/day 

2X*0 ± 0*1 


0-297 

2-0 

3*o8 

1-87 



21-0 :t 0-1 

4-45 

0-292 

1-684 

2-00 

1-85 

— 

— 

20*5 ± 0*1 

3-79 

0-303 

1-670 

1-696 

1*74 

1*54 

x-44 

20-5 ± 0*1 

4*16 

0-283 

1-760 

1-846 

1-81 

— 


21*0 ± 0*1 

3-79 

0-309 

1-740 

1*817 

1-86 

1*53 

1*37 

21*0 ± 0*1 

3*94 

0-285 

1*573 

1-687 

1*86 

1-56 

1*59 

15-5 ± 0-25 

4-14 

0-284 

1-750 

1-691 

1*53 

— 

— 

15.5 ± o-*5 

4-48 

0-303 

1*729 

1-872 

1*47 

— 

— 

15-5 ± 0-25 

3*79 

0-313 

1-674 

1*571 

1*43 

1-46 

1-22 


The results for 15*5® c. were obtained during a period when the electric current 
was not available for operating the thermostat, and are consequently less accurate 
than those at 21*0® c., or 20*5® c. 

The same technique was used to study the ionic diffusion in glistening dew, in 
mixtures of glistening dew and glass beads, in sand and in clays. In these 
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experiments, the difiusion coelficients were taken from Table I, and the fractional 
areas were calculated. The “ glistening dew ** consists of glass spheres mostly of 
70 i.M.M. ill size, while the sand was about 200 i.m m in size. By mixing beads 
of 3*0 mm. diam. with the glistening dew, a porosity as low as 0*23 was obtained. 

In addition to the inert materials of more-or-lcss uniform size, three different 
clays—kaolin, Rothamsted subsoil clay and bentonite—were studied. The 
kaolin, marked “Osmo No. i purified by clcctrosmosis,'* was supplied by 
Messrs. Fullers’ Earth Union Limited. It contains 8 % mica. The Rothamsted 
subsoil clay is the clay fraction treated for the removal of iron oxide. The 
bentonite used was the finest fraction obtained in a supercentrifugc, with a 
particle size of the order of 50 millimicrons. 

In order to check the values of / obtained from ionic diffusion, measuremcnls 
were made of the electrical conductivities of the same systems using n./io KBr 
as electrolyte. A conductivity cell with parallel rectangular electrodes, coated 
with platinum black, was used. Except with kaolin it was possible to obtain 
the porosities within the ranges used in the diffusion experiments. The kaolin 
suspension, however, was too thick to flow into the conductivity cell. 

TABLE II. 

Fractional Areas Calculated from Diffusion and Conducttvity 
Measurements in Inert Materials and Clays 



Diffusion Measurements 

Conductivity 

Measurements 

Material 

No. of 
experi¬ 
ments 
made 

fur- 

/nh*’" 

Porosity 

P 

Porosity 

P 

/cond. 

Glisteniug dew , 

6 

0-289 

0-327 

0-366 

0-367 

0-290 

Ghstening dew and glass 
beads .... 

2 

0-179 


0-236 

- 


Sand .... 

2 

0-273 

0-291 

0-352 

0-352 

0-269 

Bentonite .... 

4 

0*808 

0-970 

0-996 

0-996 

0-836 

Rothamsted subsoil clay , 

4 

0-790 

— 

0-909 

0-909 

0-790 

Kaolin .... 

4 

0*462 


0-716 




The results obtained from the diffusion and conductivity measurements are 
given in Table II, Although several diffusion measurements were made with 
each system studied, only one representative observation is recorded for each. 
The fractional areas were calculated from the diffusion measurements of both 
the Br~ and NH4+ ions. The ratio between the conductivity of the porous 
system and the free electrolyte is taken as the fractional area, /cond. 

Discussion 

For a bed of coarse particles there is no doubt that the ratio flp is simply 
an indication of the twists and constrictions in the water channels. The 
ratios obtained from Table II for the kaolin and subsoil clay are also readily 
interpreted in this way. The 0*91 % suspension of bentonite in N./io KBr 
is a thixotropic gel, and has a conductivity 16 % less than that of the salt 
solution. The particles, although they occupy only 0-4 % of the total 
volume, consist of plates only 10 A, thick. Their thickness was established 
by measuring negative adsorption of chloride, which showed the total area 
of a gram of particles to be close to 800 sq. m. The weak rigidity of the 
gel and the hindrance to ionic migration could both be due to tiie existence 
of a network in which the particles tend to adhere by their edges. 





6o IONIC DIFFUSION AND ELECTRICAL CONDUCTIVITY 

In solutions containing N./40 KBr, or less, the bentonite is deflocculated, 
and the suspension exhibits no rigidity. Measurements of electrical 
conductivity, set out in Table III, show that adding the bentonite to these 

solutions produces a net 
increase of about 3 % 
in the conductivity. 
Evidently the positive 
contribution made by 
the electrophoresis of 
the negatively charged 
particles and the oppo¬ 
site migration of the 
corresponding excess of 
cations more than off¬ 
sets the obstruction 
caused by the bentonite 
particles when they are 
separated from one 
another. 

In Table II it will be seen that /cand. for the bentonite suspension is 0*836 
wWle foxT is only 0*808. We believe this difference to be outside experi¬ 
mental error, and to be due to the excess of cations balancing the negative 
charges on the particles. The kaolin and the subsoil clay also give rise 
to additional conductance that can be observed in very dilute salt solutions, 
but which would not give rise to significant differences in Table II. We should 
expect /cand. to be roughly the mean of /sr- and /nh 4+. The measurements 
with ammonium were not, however, precise enough to test this* 

The low ionic migration in the suspensions of bentonite in n./io KBr 
when first observed seemed to point to an increase in the viscosity of the 
water. When, however, no such effect was apparent in N./40 KBr this 
idea was abandoned. It is hardly conceivable that a drastic change in the 
viscosity of water could occur in the stronger, but not in the we^er, salt 
solution. We therefore see no escape from the conclusion that this bentonite 
reduces the conductivity of n./io KBr mainly by a process of obstruction 
due to the manner in which the particles are linked in the thixotropic gel.» 
Consequently we consider that these studies of ionic migration give powerful 
support to the view that the particles of this thixotropic gel, though not in 
actual solid contact, form a kind of network in which the edges of neighbour¬ 
ing particles are drawn towards each other. 

NOTE ADDDED IN PROOF *. 

The drag restraining the diffusion of the bromide ion is given by kTjD, 
and works out at 1*9 x lo**® d5me sec, emr^ taking D as i*86 cm.®/day in 
N./io KBr. at 21® c. The drag in electrolytic conduction is and works 
out at 2*45 X io~® dyne sec. cm.~^ taking the mobility, u, of the bromide 
ion m N,/io KBr at 21® c. as 6*53 x lO"* cm,® sec.“^ volH. Taking the 
mobility at infinite dilution as 7*47 X I0’"^ the corresponding drag is 
2*15 X 10"®. Thus it appears that the drag against random Brownian 
movement is slightly less than the drag at infinite dilution calculated from 
conductivity measurements. We axe examining the theory of the ionic 
atmosphere to see whether it can throw light on the effect we have observed.* 

Summary 

A teclmique has been developed for measuring separately the diffusion coeficients 
of the cations and anions of a salt solution. Knowing these coefficients, measurements 
of ionic difEusion give the effective fraction area of the water channels in porous systems 
ranging from glass beads through sands to fine clays. 


TABLE III. 


Relative Conductivity of Bentonite 
Suspensions in Potassium Bromide Solutions au 
Different Concentrations 


Normality of 
Electrolyte 

Per cent. Weight 
of Bentonite 

Relative 

Conductivity 

0*1 

0*91 

0*836 

0*05 

1-14 

0 * 92/1 

0*0333 

0*76 

0*97 f 

0*025 

0*57 

1*028 

0*0167 

0*38 

1*026 

0*0125 

0*27 

1*037 

0*0083 

0*19 

1*033 
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In the clay systems there are more cations than anions owing to the negative charges 
on the particles. Taking this into consideration, the electrical conductivities are found 
to be concordant with the diffusion measurements. 

The conductivity of n./io KBr solution is reduced lO % by adding 0*91 % of a very 
fine bentonite which, under these conditions, forms a thixotropic whereas the 
conductivity of N./^o KBr is increased 3 % by adding 0*57 % of the saino bentonite which 
in this case forms a deflocculated suspension devoid ot rigidity. These bentonite 
particles are plates lo a. thick. 

Tliese results strongly support the view that the bentonite particles in a thixotropic 
gel form a kmd of network in which the edges of neighbouring particles are drawn 
towards each other. 


Rothamstei Experimental Station, 
Harpenden, Herts. 


FLUID FLOW IN POROUS MEDIA 
By R. M. Barker 
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( 1 ) Introduction 

There axe various ways in which a fluid such as water may be transported 
in a porous medium. The transport meclianisms depend upon pressure, 
physical state of the fluid (gas or liquid), the nature of the capillaries (their 
diameter, length, shape, roughness and regularity), the temperature, the 
isothermal or adiabatic condition of flow, and sometimes upon surface 
tension. It is convenient, as will be done in this paper, to classify the flow 
processes according to the nature of the fluid. Thus one has : 

(i) transport of incompressible fluids and displacement of one fluid by 
another, 

(ii) transport of compressible fluids, such as may occur inside the earth 
under great pressures, 

(iii) transport of gases and vapours. 

Clearly, water may behave as any one of the above fluids according to 
conditions of temperature and pressure. One may employ a general rela¬ 
tion ^ ® between pressure p and fluid density d to cover the fluid in all three 
of the above conditions : 

d ^ d^ e^^ ..... (i) 

where for incompressible fluids, w = ^ s=s 0; for compressible fluids w = 0, 
and for gases /3 = o and w = i in isothermal flow systems and jS » 0, 

Q 

w = ^ in adiabatic flow systems. C*, and Cp are as usual the heat 

Ljj 

capacities at constant volume and pressure respectively. 

( 2 ) Displacement of One Liquid by Another 

At least one of the fluids will be considered as incompressible, and their 
mutual interface assumed to make an ai^le 6 with the wall of a capillary 
of radius r and length I (Fig. i). The axis of the capilla^ is inclined at an 
angle <p to the vertical. One may normally neglect inertial effects and 
kinetic energy of flow and in the steady state, when one liquid of density d^ 

1 Hurst, Physics, 1934, 5, 20. 

* Muskat. Physics, I 934 » 5 # 
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has displaced the other of density a distance x up the tube, one has 
APtvt^ + cos Q = Sitwji + ^Tvri^ i}—x) ^ 

+ nr^g{dT^x—d^[l—x)y sin 9 


( 2 ) 


This equation is seen to denote 
a balance between hydrostatic 
and surface-tension forces on 
the one hand, and viscous and 
gravitational forces on the 
other. In eqn. (2) terms not 
so far designated are: 

AP = pressure difference 
between the ends 
of the tube, 

ai2 == the interfacial ten¬ 
sion between the 
liquids, 

1, 2 = the viscosities of the 
fluids. 

Ax _ the velocity of the 
a interface. 

On rearranging this equation 
one obtains for the volume of 
liquid leaving or entering the capillary in unit time : 

_ 5,dA; Av Ttr^ [AP—g'idiX—d^ {l—x)} sin (p\ + 2jif^ cri2Cos 6 , ^ 

For a horizontal tube when AP = o, 

_ 

'it ~ 4{r}i^ + Va (^-^)> 



( 4 ) 


while if the displaced fluid is air the term in can be omitted from (4). 
Tests of tlie laws of horizontal displacement under surface-tension forces 
only have shown reasonable agreement taking 0 to be that for a static 
system.® 

When gravitational and surface-tension forces are negligible, 

dv APnr^ . 

% 7 i^x + %ri^{l-x) • • • ( 5 ) 

which reduces to a standard hydrodynamic formula when x^l. Also 
when ^Pr—'I atm., examination of eqn. (3) shows that the contribution to 
flow due to surface tension becomes comparable with, or greater than, 
the hydrostatic contribution when r<io“^ cm. Thereafter the liquid wiU 
move against considerable hydrostatic pressure if cos 6 is negative 

(-<6<7r) (Fig. 2). ReeJde and Aird have in this connection shown that 

when r/—^10"® cm. an air pressure of at least 3 atm. will not displace water 
from the capillary system. 

The angle 0 may under flow conditions deviate from its value for a static 
system. A meniscus which normally corresponds to Fig. 2 [a) may at higher 


* Eley and Pep^r, Trans. Faraday Soc., 1946, 49s, 697. 
*<* Reekie and Aird, Nature, 1945, 156, 367. 
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velocity under pressure take the form of Fig. 2 (6), and the surface-tension 
contribution to flow will then become artificially reversed. 

An accurate generalisation 
of eqn. (3) to porous media is 
difficult, but an approximation 
is to regard the network as a 
bundle of N parallel capillaries, 
all of mean radius r and of 
length k-^l where is a tortu¬ 
osity factor.® Such an extension 
does not allow for cross- 
connection of capillaries or for 
diameters which vary along 
tlieir length ; nor does it deal 
with non-circular cross-sections. 

However, the total flow now is: 

AT ^ — at/ cos 

dt~ \ 8 kjh]^x + 8 (l-x) J • W 



To) 


( 6 ) 


(3) Flow of Compressible Fluids 

For a compressible fluid where the relation between density d and external 
pressure p is d = (cp. Section i), the equation of flow in tlie transient 
state is ® 


dt e^ri 


(7) 


where e denotes the porosity and is a constant called by some workers 


the "'permeability'" (see footnote, p. 6^ 
and therefore one finds for density and pressure distributions: 


In the steady state —=0, 
Ot 


d — [d^ 

p ln{+ d^y - J In io j 


( 8 ) 


d» . 


This means that the mass rate of fbw of fluid, Q — d X in the steady 
state is 

^ = ^{exp(/J^a)-exp{/3^i)]. . . ( 9 ) 

In these equations, di, d^ and p^, p2 are densities and pressures at the two 
ends of the tube. On expanding tiie exponentials, and for sTna.11 values 
of taking only terms up to and inclusive of jS®, one has 




(10) 


where ^0 is the mass rate of flow for an incompressible fluid. This we 
know from Section a is s. single capillary, while for a 
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porous bed it is 


^ 2^0 . 
"ril 


(^1—^a)** Eqn. (lo) shows that other things being 


equal, the volume flow is greater for a compressible than for an incom¬ 
pressible fluid. 

There is an important application of eqn. (7) to subterranean fluid flow 
as m artesian water or oil reservoirs. On opening a well the prcssiure at 
the well bore is released in part so that the fluid near the bore and the rock 
expand slightly, and the pressure gradient thereby established {d = d^^ofiP) 
drives the fluid to the well. As fluid is removed by this drive the pressure 
falls progressively at more and more distant points. Usually the oil- and 
water-bearing strata are comparatively thin but of great lateral extent, so 
that the problem is best considered as one of cylinder flow. The enormous 
quantities of liquid in tlie fluid-bearing strata permit extraction of great 
quantities of fluid due simply to its volumetric expansion and to the 
volumetric expansion of the rock substance on pressure release, slight 
though these may be per unit volume. The eqn. (7) is more correctly 

rewritten as^ = —-n^r^V^d where is the fluid compressibility and 


' dt ePi+fi, 
that of the rock substance.®^ 


if 


However, tliis is identical with (7) 

^ . It is also to be noted that strictly s is a function of pressure, 

so that eqn. (7) is non-linear but this introduces only a small eflect and is 
neglected. 

In one possible case one may have density (or pressure) at the inner and 
outer boundaries of the oil-bearing region as functions of time. Expressed 
analytically: 

d = fi{t) at r = 

d = f2(/) at y = ^2 

d = f(r) at ^ = o for 


The solution now is : 


-’'2! 3 


gnUoCanyi) U(gny) 




r f{r) U(a„r) dr 


/ t 

iX + D Jo(a»ri)J d^] . (ii) 


where 


spt}’ 

U(a„r) = YQ(a„r,)Jo(a„r) — Jo(a»»'2)Yo(a»^); 


a» = the positive root of U(a.ri) = o, and Jo and Y® denote Bessel 
functions of zero order and the first and second kind res^tively. One may 
idmtify r, with an outer radius of the oil-bearing r^;ion, and r, with the 
well raidius. 


** Sliclielkadiov, Compt. rmd., U.R.S.S., 1946, 5a, 103 ; Compt. rend., U.R.S.S., 
1946.5% 395- 

•The ''permeability” Aj defined by eqn. (7) is if the S3rstem is idealised as 

N paxaUel capillaries, each of mean length kj and mean radius r. as in Section 2 
allows for the tortuosity of the capillaries. More precisely, the expression for k 2 should 

b® See also Section 4, p. 67. 

r On'll 
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In a second case the flux at one boundary and the density at the other are 
functions of time: 

d = at r = 

% = faW at y = rj 
d = f(r) for ri<r<r2 at # = 0 

The solution now is 


t t 

-■DJi(Va)JfxWe^“““^ Jf^ (A) d^J . (12) 


where U(aiir) = Yi(a„r2) Ji(anr) — Ji(anr2) Yp(anr), a»is the «*•* positive root 
of U(aBri) = o, and Ji, Yi, are Bessel functions of the first order and first 
and second kind respectivdy. 

Finally, the flux at both boundaries is taken as a function of time, 

at f = rj 

= fxW at y = rj 
d = t[r) for rx<r<r^ at ^ == o, 
a set of conditions giving as solution : 



+ 7 t 



qnUi(aii^i) U(an^) 




y f(y)'U(aBr)d»’ 


+ 


o 


Z)a„»X(^ 


0 /pX % 


J f2{A)e^“-’^ 



• (13) 


where U(any) — Yi(aftya)Ji(any) — Ji(<x»y2)Yi(a»y), and On is the «**» positive 
root of U(a»yi) = 0. 

From the general equations (ii), (12) and (13) one may readily write 
down the solutions for particular values of fi(r), f2(i) and f(y). Tire solu¬ 
tions (ii), (12) and (13) cover all probable conditions governing the release 
of oil or artesian water. For their nmnerical application, which leads to 
reasonable values for pressure-decline and oil-yi^ in typical fields, the 
papers of Muskat,* Hurst,^ or Shchelkachov * may be consulted. 

If the porous medium is charged not with oil but with gas, on opening 
the field the yield of gas may be expected to follow the transient-state 
equation for isothermal fiow * 


bt 





(14) 


which is seen to be non-lineax, so that exact solutions cannot be obtained. 
Approximate methods are still available, which will not, however, be 
dik:ussed here. 


* Hie relation between density and pressure for the gas is d =« where do is seen 
to be the density when = i. 



66 


TABLE I 

Some Flow Mechanisms in Capillaries.* 


Process 

Formula for Flow 

(i) Effusion of molecules through an orifice of 
area ^4 in a thin wall. 

dll At> 

dt ' '\/ncmki' 

lj>\ _ iz/ 

d/ ‘ f 

8 / p^ />9 Y z — /" 

(for capillary of circular cross- 
section). 

(2) Molecular streaming or Ivnudsen flow in 
capillaries (mean-free-path^capilJar}^ dia¬ 
meter). 

(3) Isothermal streamline or Poiseuille flow 
(mean-free-path<capillary diameter). 

d ?7 __'rry^ 1 p~ 

it Sir, kf 2 

. rrr^ — pj 

(for capillary of circular cross- 
section). 

(4) Combined Poiseuille and Kuudsen flow, 
with allowance for fraction of pressure dif¬ 
ference producing energy of motion. 

tlw _ I /- I 4 (2 - 0 X \ 

Slrjy f r j 

firy* —^2* w/d«Yl 

\kT 2 V / j 

(5) Adiabatic stream-line flow (mean-free-path 
<capillary diameter). 

{¥) - 
\ J adiabatic 

/.nN „ . /-fen 


(6) Adiabatic or orifice flow through a short 
frictionless jet of cross-section .4 ^ at its 
nozzle, and nozzle radius r. 

V =» 


(7) Turbulent high-pressure flow. 

a . av 


* Terms in Table I not already defined are in order of occurrence: 

Avi 

— 5=s rate of flow in molecules/sec. 


Nq = Avogadro number. 

Vj = the volume flowing/sec. measured at pressure pi, 
k » Boltzmann's constant. 
m = the mass of a molecule. 

B =5= a shape factor. 

Ti, pi, p^ = temperatures and pressures at the two ends of a tube, 

J a= the fraction of molecules stnkmg the wall which are re-emitted at random, 
(i — /) = the fraction of molecules striking the wall which axe specularly reflected. 
X *= the mean-free-path. 


r 


the ratio of the two heat capacities, 


£s 

c** 


Oj sa the volume leaving the orifice measured at the outgoing pressure p^, 

V = the volume leaving the orifice reduced to the pressure at the ingoing side 
of the orifice. 


fi - the hydianlic radius -_? os8-section 
circumference 

an empirical factor depending inter alia upon roughness and other properties 
of the tube. 
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( 4 ) Flow of Gas and Vapour 

(a) Steady States of Flow, One may first consider flow in tlie steady 
state in single capillaries. Various processes which are possible are sum¬ 
marised in Table I.^ These flow mechanisms have been especially examined 
in molecular streaming or Knudsen, and in higher pressure or Poiscuille, 
ranges by Knudsen,® Clausing,® Warburg ^ and others.® ® For single 
capillaries they have been comparatively well substantiated. 

Adiabatic flow processes ® have also received attention, altlmugh 
experimental conditions for tlieir occurrence arc less easily realised, except 
perhaps for orifice flow. The latter may be expected in transmission of 
gases and vapours through textile fabrics. Papers and fibre-boards have 
been studied in the same connection; the results have, however, proved 
more nearly in conformity with Poiseuille’s law except for the thinnest 
membranes where transmission may have been intermediate between orifice 
and Poiseuille flow. Certain aspects of the behaviour do not accord with 
either mechanism, but may be ascribed to the compressibility of the 
membranes.^^ 


Practical applications of low-pressure flow arise in design and theory of 
high vacuum pumps,molecular stills,^^ and in isotope separation.*^ At 
the high-pressure end, engineering applications to the theory of turbines, 
aerodsmamics and jet propulsion fall outside the scope of the present 
review. One may confine discussion to some information concerning porous 
solids obtainable in the molecular streaming or streamline flow regions. 


One such application consists in determining the specific area of powders 
from permeability measurements. Following the work of Kozeny,^® 
Carman and most recently Rigden have, among others,^^ developed 
the theory. Rigden allowed for '' slip ” at the pore w^, corresponding 
to overlap of streamline flow and molecular streaming, by introducing a 

correction term multiplier of the usual equation (Table I, 

No. 3). Taking x = 0-874, Rigden found that his corrected equation gave 
an unusually satisfactory agreement between specific surfaces determined 

by air and liquid permeability measurements. The term is 

equivalent to the term (i 4- in Tabic I, No. 4, but the chosen 


^ Cp. Barrel, Diffusion in and Through Solids (C.U.P., 1941), Ch. 2. 

® Knudsen, Ann, JPhysih., 1909, 28, 75 ; 1911, 35, 389. 

« Clausing, Ann, Physih,, 1930, 7, 489, 569. 

^ Warburg, Ann, Physih., 1876, 159, 399. 

8 Gaede, Ann, Physth,, 1913, 41, 289. 

8 Smoluchowski, Ann, Physik,, 1910, 33, 1559. 

10 Klose, Physik, Z., 1930, 31, 503; Ann, Phystk,, 1931, n, 73. 

Buckingham, U,S. Bur, Stand,, Tech. Paper No. 183, 1921. 

Carson, Bur, Stand, J, Res,, 1934, la, 587. 

Avery and Witty, Proc, Phys. Soc. A, 1947, 59, roi6. 

Hickman, Chem, Rev,, 1944, 34, 51. 
i8e.g., Ann, Reports, 1938, 35, 138. 

18 Kozeny, Ber. Wien, Akad., 1927, 136a, 271. 

1 ’ Carman, J, Soc, Chem, Ind„ 1938, 57, 225 ; J, Soc, Chem, Ind,, 1939,58, r ; Trans, 
Inst, Chem, Eng., 1937, 150 ; /• Agric, Sci„ 1939, 29 (2), 262. 

18 Rigden, J, Soc, Chem, Ind,, 1943, ^ ; J, Soc, Chem, Ind,, 1947, 

18 Muskat, The Flow of Homogeneous Liquids Through Porous Media (1937) Physies^ 

1932. 329. 

*8 Lea and Nurse, J, Soc, Chem, Ind,, 1939, 58, 277. 

81 Gooden and Smith, Ind, Eng, Chem, {Anal,), 1940, 12, 479. 
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value of X makes />i.* The Kozeny method is considered elsewhere in this 
symposium, and will not be discussed here. 

Another useful but less well-known approach to the properties of porous 
soUds also depends on overlap of streamline flow witli molecular streaming,®* 

Writing the Poiseuille law as Gp -^*J and the Knudsen law as 

Gk = ^(Pi ~ P^> oiic may write foi the overall flow 

G = Gp + oGk = ^{Pi “ ^2) • • • (15) 

where a is a constant depending on " slip." Thus 


K = . ^i + ^a 

I 2 I 

and comparison with Table i, No. 4, gives for a circular tube 


(16) 


A 


oB 


fkT 

^ 4 v 2 TCm 


2-/ 

/ 




kT 

ZTtm 


(as noted below, the actual numerical magnitude of J 5 i may need slight 
adjusting). Next, for N capillaries of radius r in parallel one has 


with 




K'-K, + K,+ -. 


(17) 


(18) 


Again, when there are two capillaries of radii and and lengths li and 
joined in series one has for the overall flow 

G = K "( j >^- p ^ .... (19) 

and for the sections of lengths li and Ig 

Gi = Gjp -H oGjik = — Pq)\ 

Gg = Ggp -i- aGgK — K^ipo — j 

and in the steady state G = Gj^ = G^; p^ here denotes the pressure at the 

junction point between the two sections. Denoting ^ by R, then 
1 ^ ^ .1- Pi-Po 

from G = Gi, on rcarrangmg one has 


(20) 




(21) 


From G = G^, one obtains similarly 




I 

K'‘ 


(22) 


Adding these relations, dividing by two and rearranging further, gives 


K 




2 K. 


R 


(23) 


♦ /denoting the fraction of molecules striking the wall which are randomly re-emitted, 
cannot be greater than unity. However, there is uncertainty as to the correct 
theoretical numerical factor for “ shp ” (cp. **), and as to the way the factor may be 
modified by roughness of the capillary wall. 

** Adzumi, Bull. CJiem. Sac , Japan, 1937, 304 * 
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But from the relation Gi = Gj one finds Ki = K^JR so that the term in the 
bracket is zero, and 


- 4- ^ 


This expression Adzumi reduced to 

" (v + hf + ('!’ + '?)'* + * • <“5) 

where the correction term S was small. Generalising for a composite capillaiy 
comprising m capillaries joined in series, he gave : 


K" = 


4. 

A / “*■ i f 


. (26) 


Idealising the porous solid as a combination series-parallel arrangement of 
capillaries, one then obtains for the final flow “ constant " : 

= Ai£( H-oBiE . . . {28) 


where E and F are the double sum¬ 
mations above. If, therefore, one measures 
the flow rate, say in cc. per unit time at 
I atm., this rate divided by (A —^2) 
should be a linear function of the mean 
pressure and the slope of this line will fix 
A while its intercept will determine oBJF. 
The equation would appear from Fig. 3 
to give a reasonable representation of 
observational data. 

Regarding all the capillaries as having 
the mean radius r and mean length I, 
Nr^ Ni^ 

one has \ F ^ -j-, and knowing 

the values of and oBj (see p, 68) one 
can, from the slope and intercept of the 
curves of Fig. 3, determine both E and 
F, and so find both N and ?. This also 
permits an estimate of the internal surface 
of the solid. Table II gives the relevant 
data for several porous membranes. 

Such an estimate can only be a lower 
limit to this area, however, since, as in 
the Kozeny method, the roughness of the 
internal surface is not easily allowed for, 
and moreover N* in Table II is more 
N* 

properly where is the tortuosity 

factor of p. 63. However, when used 
in conjunction with the BET isotherm 



Fig 3. —Typical examples of gas 
flow through porous plates, after 
Adzumi, m test of the equation: 

K « AiE + aSJf 


** Cp. Taylor, Treatise on Physical Chemistry (Macmillan, 1931), p. 176. 
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method the data will give a good idea of the correction involved in rough¬ 
ness and tortuosity. On the other hand, no information can result as to the 
distnbution of pore sizes. For this purpose the procedure described by 
Foster may be used (this discussion). Lochmann has also used Adzumi's 
method to determine pore size.^^ 

TABLE IT 

SlRUClURAL PrOPERIIES AsSFSSI D BY A FlOW MeIIIOD 


Porous Plato 

Thickness 

r X lo® 
(cm) 

N' 

(Number of 
Pores m a cm. 
Cube) 

Internal 
Surface 
in cm Vcc. 
of Sohd 

Unglazed earthenware 

0‘i5 

5-3 

1*2 X 10** 

333 

Compact porous pot 

0-27 

277 

9*6 X 10® 

A 7 

Rough porous pot 

0*41 

4-84 

2*8 X 10® 

85 

Mantle of Darnell cell 1 

0*2 

i-6i 

9*6 X 10’ 

9,800 

Mantle of Darnell cell 11 

0-2 

1 - 71 . 

1*19 X lo® 

13,000 


(b) Transient Flow in Capillaries.—Reference has already been made 
to the transient stale in streamline flow (p. 67). The transient state in 
molecular streaming (Knudsen flow) is also of interest, because treatment of 
Table I, No. 2, in the same way as is usual in deriving Pick's second law 
from the first law leads directly for an isothermal system to: 

dc _ 

dt ~ dx» 


where C is eKpressed in molecules/cc. and 
'TT' 2-/^8r IkT 
3 


AS CApiCK 

2 Tvr^ \ j : 


yl 27 tm 


2-/ 
/ 


_ 2jrm ’ / ^ _ 

On integrating this equation for die bormdary conditions, 
C = Cl for all f at A? = o 
C r-* 0 for all ^ at a; = ^ 

C = o for ^ = o and o<x<l 

one has 


(for a cylindrical tube). 


= C.{' 


I 


2 ST--(-!)'» 


m 


m^Dt\ . mnU, - 
■ i;* / I 




} • (29) 


The number of molecules, which has streamed past the boundary at 
* = i in time t is then 


DCiT 2 l^ // i-7^Dt\\ x( 


+ 


9 (^- 


exp 


which at large values of t leads to 


■}] 


{30) 


-DCi r i‘i 
”•-^['“65 

. _ J - 1 _i-L * TJ_-J*— „ . 


• (31 

SO that the intercept L naade by the^’Iimitin^ slope otn^ against t on the 
axis of ^ is 

r ^ /X 

L = ^ = -F===—-r- . . (32) 


W 




Mi . (2-/) 

2 jtm f 


** Brunauer, Physical Adsorption of Gases and Vapours, Vol. I (O U P., 1944), P- 285. 
®^Lochmann, Angew, Chem , 1940, 53, 505. 

*» Cp. ref. ^ Ch. x. 
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One may take / = i, i.e., all molecules striking the surface are re-emitted 
at random, and compute values of L for oxygen gas passing at 293® K, 
through a capillary 25 cm. long ; 


r (cm.) 
L (sec.) 


10”^ I0“* I0“® 10“^ I0“5 

0*036 0*36 3*6 36 360 

The above time lag will, however, be increased if the lifetime of a molecule 
in the adsorbed state becomes appreciable compared with the time of 
transit across the tube. This requires the use of a corrected value of D: 


D 


4^* 


V 7im 

iST 


(33) 


+ T 


Clearly when r is small enough, L may be considerably augmented by this 

immobilisation of molecules in the adsorbed state. Moreover, t = eRr 

where = -^is the reciprocal of the vibration frequency of the sorbed 

molecule relative to the surface and ^IJET is the heat of adsorption per g. mol. 
Clausing ® was able to interpret measurements on low-pressure transients in 
capillaries to give t and AH for several molecules. 

However, a further correction not considered by Clausing may be necessary 
if there is any surface mobility of absorbed molecules. In zeolitic channels 
of molecular dimensions where the diffusing species never leave the range 
of surface forces it has been demonstrated that diffusion of permanent 
gases may occur rapidly under suitable conditions.^® Similarly, therefore, 
surface diffusion may be rapid on the wall of a wider capillary. At the 
low pressures where molecular streaming occurs the isotherm will obey 
Henry's law and 

concentration on surface _ Cg _^ 

concentration in gas phase Cj ® 

The flow in the ii;-direction in the gas phase is given by 

^ — 
dt 

where D is given by eqn. (33). The flow on the surface is similarly 

dfis dcs 

dT = B 

and thus the total flow at the point x is 




d«i im, 
bt dt 






(34) 

= n. 


In the periodic potential field due to the surface forces Dg 
and so from the time lag L one measures 






3 r 


V Tcm , 

2 &r+ 






RT 


(35) 


A further substitution for is possible on equating rates of evaporation and 

/TT 

27tfn 


condensation of molecules: 


-Vi 


*• Baxrer, Trans. Faraday Soc., 1944, 40, 555. 

Barrel and Ibbitson, Trans, Faraday Soc., 1944, 40, 206. 
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Experimental data in this interesting region where the channels axe very 
narrow indeed (r/—to 10“^ cm.) are confined to observations by 
Rayleigh who pressed optically, plane glass plates together and allowed 
gases to permeate between them. He observed, as eqn. (35) implies, that 
Knudscn's equation was no longer applicable. Eventually as the channel 
becomes still narrower the diflusing species never leave the field of the 
surface forces, and surface'' dillusion alone is present. Results obeying 

—JS / 

the equation Ds = Dq e have been obtained when gases flow through 
silica glass or into dehydrated zeolite crystals.^® 

Summary 

A fluid such as water may need to be treated as incompressible, compressible but 
still condensed, or gaseous, according to conditions of temperature and pressure. Steady 
and transient states of flow of fluids in these conditions have been briefly considered. 
The displacement of one fluid by another has been examined and the relative roles 
played by pressure-head and surface tension. Molecular mechanisms of gas or vapour 
flow in single capillaries and in porous media, and transition regions from one flow 
mechanism to another have been particularly considered, from high-pressure flow in 
wide tubes until the pore radius is so small that the diffusing species move entirely 
within the range of surface forces. 

The Chemistry Department, 

Bedford Collie, 

Regent's Park, N.W.x. 

Rayleigh, Proc. Roy. Soc. A, 1936, 156, 350. 

Cp. ref. Ch. 3, where a summary of data on flow in zeolites and in silica glass is 
given up to 1940. 


SOME PHYSICAL ASPECTS OF WATER FLOW IN 
POROUS MEDIA 

By P, C, Carman 

Received 2 (>th January, 1948 

The permeability of a medium to water or any other fluid under the 
action of a pressure diSerence may arise in various ways. 

(i) The fluid may dissolve and be transported by diffusion along a 
concentration gradient produced by the pressure difference. 

(ii) In a porous medium, the fluid may be adsorbed at the internal walls 
of the capillary structure and be transported by diffusion along a 
concentration gradient. 

(ui) 'j^e fluid may flow through capillaries of a porous medium at a rate 
limited merely by its viscosity. 

No shai^ line separates these processes and it is possible for all to be 
mvolved simultaneously. Whether water flows through a cellulose membrane 
in ultrafiltmtion by processes (i), (ii) or (iii), or by more than one simul¬ 
taneously is an unsettled question, and a very important one. If a gas 
flows through capillaries narrower than the mean-free-path of the gaseous 
molecules, viscous flow gradually gives way to diffusion or “moleciflar 
flow.” 

While processes (i) and (ii) are of particularly vital interest to chemists, 
they belong essentially to the study of diffusion and will be discussed by 
others. The present paper is concerned merely with viscous flow, since 
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an understanding of this must^ form the background to more complex 
problems. Further, though it is relatively simple, the danger of over¬ 
simplification has not always been properly realised. 


Pore Diameters by Permeability 


Permeabilities are widely used to assess, say, the pore size of a sintered- 
glass plate, assuming that viscous flow alone takes place. Now, the rate 
of viscous flow in a circular capillary of diameter cm. is given by 
Poiseuille's law. 




d,^AP 
32 rj Le 


(i) 


where % = rate in cm./sec., A P = pressure difference in dynes/cm.® along 
a length 77 = viscosity of fluid in poises. Suppose that Q cm.®/sec. 
flow through a porous plate of area A cm.^ and thickness L cm. under the 

same pressure difference. The apparent velocity « = ~ whence, if we assume 


the plate is equivalent to a bundle of circular capillaries with diameter equal 
to the pore size d^, then the latter is given by 



(2) 


A porous medium, however, is most decidedly not equivalent to a bundle 
of circular capillaries. Its capillaries are non-circular, tortuous and connect 
into one another, so that the pore size given by (2) cannot be a reliable 
measure of the actual size of capillary spaces. Some average pore size 
must be chosen and, if it is measured by permeability, it cannot have any 
physical meaning unless it is a quantity which characterises viscous flow. 
Now, when strict mathematical equations are worked out for viscous 
flow in non-circular capillaries of known shape, it is found empirically that 
they can be put in the form. 

AP , . 

.... (3) 


where m is the hydraulic radius," ^ i.e., the ratio of area of cross-section to 
perimeter of cross-section, or volume of capillary to surface of capillary. 
For a circular capillary, dg == 4m whence, from eqn. (i), = 3. For flow 

between two parallel plates, Aq == 3, and for most other shapes, varies 
only between 2-0 and 2-5, indicating that the most significant ** average 
diameter " for a non-circular capillary with respect to viscous flow is 4W. 

In a porous medium of thickness L, the fractional free area of a cross- 
section is equal to the porosity e, and ^e actual length of a capillary is Lg, 
whence the actual velocity Ug is given by 


Substituting in (3) 


U Le 
We = - • ^ 

€ L 


^ ~ \Le) ' 


4 ? 

riL 


(4) 


(5) 


As neither ^ or A^ can be evaluated separately, they can be combined 
to give 

.(6) 


1 Cannan, Trans. Inst. Chem. Eng., 1937, 15, 150- 
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Eqn. (5) can be checked by using unconsolidated beds of particles of known 
shape, and hence of known specific surface Sq cm.^/cm since m can then 
be calculated, 

_ pore volume _^ 

”” surface area of particles 


Experiments over a wide range of conditions ^ ® have confirmed eqn. (5) with 
reasonable accuracy if k is given the value 5*0, i.e., 





AP 

L 


( 8 ) 


This^ is generally known as tlie Kozeny law.^ It is admittedly semi- 
empirical, being derived by analogy, but it is successful, and it can therefore 
be firmly stated that 



(9) 


is the only '' pore diameter'' calculated from permeability data which has 
any physical meaning. It may be noted that, if s = 0-4, is 2-5 x 
Lii^tations of Eozeny’s Law.—^Though eqn. (8) can only be tested 
experimentally for unconsolidated beds, it should also be true for consolidated 
media. In any case, if it is not, there is no alternative, and permeability 
must then be regarded as unreliable for measurement of pore size. Conditions 
for its validity are therefore important. They may be summarised as 
foUows. 


(i) No pores are sealed off. 

(ii) Pores are distributed at random. 

(iii) Pores are reasonably uniform in size. 

(iv) Porosity is not too high. 

(v) Diffusion and surface effects axe absent. 

Condition (i) is obvious, since sealed pores give an " effective porosity 
for flow which is less than the total porosity. This is quite common in well- 
fired ceramic materials, but the effective porosity can often be measured, 
e.g., by water-absorption tests on building bricks. 

Condition (ii) may not apply in stratified materials, e.g., certain sand¬ 
stones show a ^eater permeabflity parallel to the bedding plane than across 
it.® ^ An extreme case of oriented distribution of pores was studied by 
Sullivan and Hertel,® namely, fibres packed parallel to one another. They 
found that, perpendicular to the fibres, the constant k in eqn. (8) increased 
to 6-0, eind that, parallel to them, it decreased to 3-0, though, otherwise, the 
equation is obeyed. 

Condition (iii) is one which is most difficult to fulfil, and is perhaps only 
esqperienced in beds of uniform, spherical particles, or in sintered plates made 
from closely sized particles of glass or of metals. Causes of error in this 
respect are several and will be taken in turn. 

(a) Non-uniformity of particle size in an unconsolidated or in a sintered 
plate does not necessarily mean non-uniform pores, particularly if proportions 
are ^tributed evenly over the range of sizes. A small proportion of large 
particles in a large proportion of small ones can give uniform pores, but 
the converse is almost certain to give a mixture of small and large pores. 
This is equivalent to large and small capillaries in parallel, a condition 


* Caimp, J. Soc. Chem. Ind., 1938, 57, 225; 7 . Soc. Chem, Ind., 1939, 58, i. 

* Wigginsi, Campbell and ISXaass, Can. J, Res, B, 1939,17, 318. 

* Kozesy, Ber, Wien Akad,, 1927, 271. 

^Muslcat and Botset, Physics^ 1931, 1, 27. 

* Snllivaa and Hertel, J, Appl, Physics, 1940, xx, 76!. 
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giving a higher permeability than if the same porosity is distributed 
uniformly.'^ In other words, the pore size obtained is nearer to the size 
of the largest pores than to the true average. In a consolidated porous 
medium, any small cracks, blow-holes, etc., will lead to unduly higli 
permeabilities. 

{h) A very wide range of pore sizes in an unconsolidated bed makes it 
difficult to avoid segregation into layers of diflercnt size distribution. Rven 
if porosity is uniform throughout the bed, the permeability will be lower 
than should be expected, i.e., undue weight is given to'the smallest pores. 
Segregation is really an example of non-random distribution and, in a 
consolidated medium, would give high permeability in a direction parallel 
to the stratification. It may be noted that non-uniform particle sizes can 
give non-uniform pores, increasing permeability, and segregation, decreasing 
permeability. 

[c) Small particles tend to form aggregates with relatively large spaces 
between them, thus giving too high a permeability. This is a surface effect 
and rapidly becomes more marked for particles below xofi in size. A liquid 
which wets particles and promotes dispersion tends to prevent aggregation. 
Thus, Portland cement obeys Kozeny's law with alcohol, which disperses it, 
but not with ^hexane, which causes it to flocculate. Compression tends 
to reduce large voids Gist, giving greater uniformity, so that, if a bed of 
cement in w-hexane is first compressed strongly by a piston, the permeability 
conforms to Kozeny*s law.® Needle-shaped, fibrous and flat-sided particles 
tend to form aggregates with large voids between them, due to their shape, 
and only obey Kozeny's law if great care is taken to ensure uniformity of 
packing. 

Condition (iv) results from the fact that eqn. (8) is based upon an analogy. 
The strict equation for flow parallel to equi-spaced circular cylinders was 
worked out by Emersleben,® and this shows that the Kozeny analogy should 
break down seriously when e>o*8. A study of flow parallel to a bundle of 
fibres was made by SuUivan,^® who showed that k ceased to be constant, 
but increased rapidly with e at high porosities, in accord with ISmerslcben's 
predictions. The error was, in general, not serious till e>o*9, possibly 
because fibres were not equi-spaced and imperfectly aligned. This limitation 
of eqn. (8) is only liable to be experienced for fibres. 


Condition (v) brings in a host of unsolved problems, especially for flow 
of water and other liquids, but these are reaUy outside the scope of this 
paper, and can only be mentioned. One of the most important is flow of 
water through clays. If substitution for m is made in eqn, (8), a porosity 

fi® 

function .—is obtained which varies extremely rapidly with a. Despite 


this, the water permeability of most clays changes very much more rapidly 
with e, and a suggestion of Kozeny that part of the pore wUter remained 


station^ was followed up by the writer.^® It was further suggested that 
this might be water of swelling for montmorillonite clay minerals, but 


doubt is felt about this, particularly in view of enormous changes in perme¬ 


ability with porosity found by Macey.^® The empirical equation used by 
Macey has no physical basis. Obviously, the water permeability of clays is 
a vital part of the whole important question of clay-water relationship. 


’ Ref. ^ p, 156. 

® Rigden, J. Soc. Ch$m, Ind., 1947, 66, 130. 
® Emersleben, Z. Physih, 1925, 26, 6ox, 

10 Sullivan, J. Appl. Physws, 1941, la, 503. 

Kozeny, Kuliurtechniher, 1932* 35, 478. 

“ Carman, /. Agnc. 5ct., 1939, 29, 262. 
Macey, Proc. Physic, Soc,, 1940, 52, 625. 
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Changes of viscosity in narrow capillaries have been suggested, but seem 
unlikely.^^ 

Permeabilities should be inversely proportional to viscosity, but, in certain 
cases, this is not true.^® Again, a satisfactory explanation has not been 
found for a steady decrease of permeability with time found sometimes 
for flow of water and aqueous solutions through porous plates.^® In brief, 
permeabilities of liquids in very fine-pored media are very liable to be 
controlled by surface effects, particularly in the case of water. 

In contrast to liquids and to easily condensed vapours, the flow of 
permanent gases in fine-pored media is now well understood.® The 
main departures from eqn. (8) are due to " slip-flow and molecular 
flow," and so successful are the modified equations that air permeabilities 
have been used by Amell^® to measure the surface of particles as fine as 
carbon blacks, giving results in excellent agreement with electron micro¬ 
scope and nitrogen adsorption measurements. 


Surface and Size Measurements.—^The application of eqn. (8) to 
measure specifi.c surface of particles and of porous media in general is obtained 

s s 

by substituting m = ^ .-r—^ where pj = density of solid in 

g./cm.® and is specific surface in cm.®/g. The method has now been so 
widely developed and applied ^ a is 20 only one special aspect will be 
considered here. As an example, the simplest method of finding the diameter 
of cellulose fibres dispersed in water as in a paper pulp is to form them into 
a bed and measure the water permeability.®^ The diameter follows from the 
specific surface. Unfortunately, though the weight of cellulose per unit 
volume of bed, W g./cm.®, can be measured, the fibres are swollen to an 
extent which is very difficult to ascertain, so that, in eflect, the density p^ 

is unknown, and s cannot be calculated. Now (i — e) = — whence 

Pi 



WS^ 


and, from (8) 



In this, both p^ and are unknown, but, in a bed of fibres, the porosity, 
and hence W, can be varied over a wide range by compression, so that, if 

one plots against W, a straight line should be obtained. The 


Bastow and Bowden, Proc. Roy, Soc. A, 1935,151, 220, 

Bozza and Secchi, Giom, Chim, Ind,, 1929, 11, 443 and 487; Bull and Wronsky, 
/. Physic, Chem, I937» 4^3* 

1® Buche, V,DJ. Beit. VerfahreTistechnih, 1937, 5 » ^55 * Mehner, Chem. Fabr., 1937, 

XO, 2. 

Amell, Cam. J. Res, A, 1946,24,103 ; Carman, Nature, 1947,160, 301. 

Amell, Can. J, Res., A, 1948, 26, 29. 

^•Sullivan and Hertel, Advances %n Colloid Science Vol, 1 (1942). Edited by 
Kraemer, Bartell and Kistler, ch. 2, p. 37. 

*0Nurse, Symposium on Particle Stze Analysis (Institution of Chem. Eng. 
and Soc, Chem. Ind.), Feb., 1947, 

Mason, Pulp and Paper Research Institute, Montreal, Canada (private com-^ 
municationh 
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intercept for TT = 0 equals _ j,. whence Sj is obtained. Jhirthcr, tlie 

•^1 

gradient is— - ^^2/3' Pr obtained. In tliis way, additional 

valuable information is gained. e.g., pi decreases when a pulp Is beaten, 
indicating that cellulose fibres have become more hydrateil. The same 
method of analysis has been applied to air permeabilities of rotton and wool 
fibres.® 


Pore Diameters by Capillarity Mea 8 urement 8 .--The height of 
capillary rise of water in a porous medium, generally measured by the 
Tn a viTnnm bubble pressure method, is used much more often than perme¬ 
abilities for calculating pore diameters. In a circular capillary, the diameter 
would be given by 


4<r 


P«* . . . . 

where a = surface tension in dyncs/cm. and h = height of capillary rise in 
cm., and this equation is used also for pore diameters. The calculation is 
sound, since, in non-circular capillaries and in porous media, 4m takes the 
place of rfe®* 


Thus, 


2 == 4W = 


4cr 

pgA 


Since m = 


this can be checked with particles of known shape, 


(I -6)So 

and been found to be reasonably correct ; but the method itself is very 
open to uncertainty, due to what may be called " meniscus errors.'^ In 
a circular capillary, the meniscus is easily allowed for. In a non-circular one, 
the meniscus does not rise evenly all round the perimeter, particularly if 
the latter possesses sharp angles. This is greatly exaggerated in a porous 
medium and, in fact, the abUity of water to move into a porous structure 
without filling the pores is a phenomenon of outstanding importance.®^ 
The measurement of the capillaxy rise,” i.e., the height to which water will 
fill the pores, thus becomes very uncertain. 

It must also be noted that measurement by the bubble pressure method 
is even more sensitive than permeability to non-uniformity of pore size. 
In fact, the meastirement is best referred to the pressure required to produce 
an arbitrary rate of bubbling than to the first appearance of bubbles, to 
prevent the largest pores canying too great a weight. 


Summary 

When flow in a porous medium is controlled by viscosity only, it obeys the Kozeny- 
Carman law with remarkable accuracy, and it is pointed out that the only rational pore 
diameter calculable from permeability measurements is ess 4 x (hydraulic radius) 
(m). Certain conditions must be fulfllled for permeability measurements to have 
signiflcance for calculation of pore diameters or specifle surface, and these are discussed 
in some detail. 

As the permeability method for specific surface is well established, attention is merely 
directed to its extension to give both density and diameter of ceUulose fibres in paper 
pulps. Pore diameters as normally calculated by the bubble pressure method are 
equal to 4 x (hydraulic radius) and should therefore equal ^2 calculated from perme- 
aoility. The method, however, is open to considerable uncertainty and error. 


National Chemical Laboratory, 
Pretoria, S. Africa. 


** Cassie, J, Text, Inst., 194a, 33,195, 

Ref. \ p. 154. 

** Carman, Soil Sd., 1941, 5a, i. 

Schofield, Trans, ^rd Im. Congr. Soil Sci., 1935, a, 38. 



som GEOMETRY AND SOIL-WATER EQUILIBRIA 
By E. C. Childs and N. C. George 
Received gth January, 1948 

Physically a soil may be regarded as completely specified by the geometry 
of the interface between the solid component and the void space together 
with that of the air-water interface within the voids. In the nature of tlio 
case it is most unlikely that a complete geometrical specification will ever 
be accomplished and one must be satisfied with less. The determination 
of the size distribution of the ultimate particles (mechanical analysis) and 
of aggregates stable to arbitrary degrees of violence, which constitute factors 
of the soil geometry, have long been weapons in the armoury of the soil 
scientist, but from this information alone one can only infer qualitatively 
the nature of tlie void space. In recent years the direct determination of 
pore-size distribution has become increasingly recognised as a complement 
to mechanical analysis^ * 8 4 6 6 7 . behalf it may be said that 

it is the water-occupied void space which, together with the solid surface, 
is the seat of physico-chemical activity and which largely determines the 
gross physical properties of the soil. The complete geometrical specification 
which the soil scienfist seeks under the name “ soil structure ” may indeed 
be a will-o’-^e-wisp, but it is reasonable to suppose, and we seek to show, 
that certain measurable physical properties of the soil may be related to 
measurable factors in soil geometry. 

It is not our present function to discuss the physical chemistry of the soil 
solution, but some qualitative description must be included in the discussion 
of the determination of pore-size distribution. The total force acting on a 
volume element of water in the void space may be regarded as made up of 
four components, each making a greater or less contribution according to 
such circumstances as the nature of the solid surfaces, the moisture content, 
the content of soluble salts and the location of the element considered. 
The four components are: («) gravitational attraction, always acting 
vertically downwar<]^, (b) hydrostatic pressure difference, (c) osmotic pressure 
differences due to differences of content both of soluble salts and of anions 
and cations in Gouy double-layers associated with the solid surfaces, and 
{i} adhesion of water to the solid surfaces. It simplifies matters if we 
speak in terms of the scalar potential rather than the vector force, defining 
the potential difference between points A and B as the work done against 
the above-described force field in translating unit volume of water from 
the point A to the point B, and, as usual, adopting the potential at one 
convenient point as our arbitrary zero potential. The potential at any 
point will then be the scalar sum of four components corresponding to the 
four groups («) to (rf). The water is in hydrostatic equilibrium when the 
total force is ever3Pwhere zero, that is, when the total potential is ever3rwhere 
the same, notwithstanding that single components may vary widely from 
point to point. 

^ Childs, SoU Sci., 1940, 50, 239. 

a Childs, Soil Sci., 1942, 53, 79. 

• Donat, Trans. 6th Comm. Int. Soc. Soil Se». B, 1937, p. 423. 

* Haines, J. Agric. Set., 1930, ao, 97. 

* Learner and Lntz, Soil Sd., 1940,49, 347. 

• Schofield, Trans. 1st Comm. Ini. Soc. Soil Set. A, 1938, p. 38. 

7 Swanson and Peterson, Soil Sci., 1942, 53, 173. 
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The gravity component needs no explanation. The work done in lifting 
unit volume of water (density p) to a height h above an arbitrary datum 
level, and therefore the potential at height h, is given by gph. The hydro¬ 
static pressure term (6) is also familiar. If S is the surface tension, and the 
air-water interface in wliich it acts has radii of curvature and then 
the pressure on the water side of the surface is less than that in llic air by 
the amount AP = S(i/ri + where and are regarded as positive 
for curvatures which arc concave to the air. It is convenient to take 
atmospheric pressure as our datum; then the pressure P just inside an 
interface between soil water and air which is continuous with the outside 
air is given by P = —S(i/ri + i/rg). P i^iay, of course, take other values 
at points remote from the interface. It is common to ignore the negative 
sign and to speak of pressure deficiency or suction pressure. The work 
done in taking unit volume of water from a point of zero pressure to one 
of pressure P, and consequently the potential at the latter point, is given 
by P. The osmotic pressure term is less well defined. According to Gouy's 
well-known concept,® a surface dissociating, say, cations, itself having 
a negative charge, tends to maintain increased cation and decreased anion 
concentration in its vicinity as compared with the equal concentrations in 
the more remote solution. From tliis it is a simple consequence of the 
Donnan equilibrium that the total ion concentration, and therefore the 
osmotic pressure, increases as the solid-liquid interface is approached ; the 
equilibrium of the double-layer is a balance of the concentrating electric 
and adsorbtive forces as opposed to the diluting osmotic pressure. Corre¬ 
sponding to this equilibrium there is an osmotic pressure gradient which is 
a function of distance from the solid surface. The osmotic pressure p at 
any point corresponds to a hydraulic potential contribution since it 
must be regarded as a hydrostatic pressure deficiency. This contribution 
to potential might commonly be appreciable for distances up to the order 
of 50 A. from the dissociating surface, but there seems to be no experimental 
confirmation of this osmotic potential distribution. Even less is known 
about the adhesion potential due to the attraction between the solid surface 
and the water dipolar molecules, but from the nature of dipole attraction 
these adhesion forces, whilst they may attain large values at close distances 
of approach, must be of very short range. Since the force is an attraction, 
the potential contribution be negative relative to a point in the more 
remote solution ; let us call it —where n is positive. 

The total potential, y, is the sum 

fp^gph + [P^p^yt) . . . (i) 

The total potential being everywhere the same at equilibrium, the hydro¬ 
static pressure at a pven height will vary as p and n vary, in such a way 
as to keep the term in brackets constant. In particular, there is no reason 
why P should not assume positive values in the immediate vicinity of solid 
surfaces where p and n may become large. 

The total potential may be measured by allowing the soil system to come 
into equilibrium with a system of known potential components. Such a 
system may commonly be a manometer, the only potential components 
being directly measurable gravitational potential and hydrostatic pressure : 
equilibrium may be attained either by adjusting the manometer column * 
or by altering the soil air-pressure, thus changing the arbitrary pressure 
datum, as in the pressure-plate method of Ridaards.® Alternatively the 
soil system may be brought into equilibrium, via the vapour phase, with a 
hypothetical water surface at a hydrostatic pressure calculable from fihe 

* Gouy, J. Phys%que, 1910, (4) 9, 457. 

® mchards and Pieman, Sotl Sd,, 1943, 395 * 
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vapour pressure. Potential measurements by means of freeziug point 
depression seem to be ambiguous of interpretation, since the results depend 
upon whether one assumes the ice formed to be released or not released 
from the pressure deficiency,^** but fortunately the potential range for 
which this method is particularly suited is readily covered by the pressure- 
plate method. The total potential being known, the sum (P — ^ — n), 
which we may call y, is clearly known, but we cannot at present precisely 
assess the separate contributions. Wc may write (i) in the form, 9P=gpA+'^, 
and %p is referred to as the capillary potential, without intentional stressing 
of the surface tension component which the term connotes. The capillary 
potential is commonly expressed as a pressure deficiency, from its method 
of measurement, and is not to be understood as referring necessarily to the 
hydrostatic pressure within the soil solution. 



Fig. I. —Moisture characteristic and shrinkage curve for a kaolin clay block. 


The capillary potential components, and therefore y) itself, will determine 
the moisture content of a given soil. The void space is continuous but not 
of uniform cross-section. It may be regarded as a series of cells connected 
to others via channels of sm^er cross-section. For a given pressure 
deficiency a cell will be empty of water if its largest interconnecting channel 
is too l^ge to accommodate an air-water interface of sufficiently sharp 
curvature to maintain that pressure deficiency.* As the suction is increased, 
cells will empty in succession, giving a suction-moisture-content curve 
characteristic of the soil; such curves have been called moisture charac¬ 
teristics.^ If we make the assumption that large interconnecting channels 
are associated with large cells, and if we are justified in ignoring the contri¬ 
butions of p and jc to y (as in the case of non-shrinking, light, sandy soils 
at all but the lowest moisture contents), the moisture characteristic may 
clearly be interpreted as mdicating the pore-size distribution in the soU. 
The moisture characteristic of a structured clay soil at low pressure deficiency 
can also be interpreted as the size distribution of the inter-crumb pores,^ 
which are laj^e enough for the contributions of p and n to be negligible in 
this range of 

Edlefsen and Anderson, Htlgardia, 1943, 15, 31. 

Schofield and Botelho da Costa, /. Agric. Set., 1938, a8, 644* 
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By contrast, Fig. i a and i b shows the moisture characteristic and the 
shrinkage curve (following Haines) respectively of a kaolin clay block 
initially wetted beyond the “sticky point.” Tlie range AB of Fig. i a 
corresponds to the range A'B' of i 6, and it will be seen that practically the 
whole loss of water is accounted for by a decrease of total volume, the 
initial and final air contents dihering by only i cc./ioo g. chy clay. The 
mechanism of water removal is clearly not that whicli enables us to interpret 
the moisture characteristic as a reflection of ])orc-sizc distribution. The 
suction removes water by drawing the solid particles closer together, whether 
by orientation of the kaolin mineral plates into lower potential energy 
positions or by interpenetration of double-layers.^^ 

The pressure required to allow water to re-enter an empty cell is higher 
(the suction less) than that at which the cell emptied, and consequently a 
moisture characteristic of the first-mentioned type is not reversible but 
shows hysteresis.^ The difference between the emptying- and filling- 
pressure will depend upon the relative sizes of the cell and connecting 
channels, and most characteristics cannot be explained without assuming a 
proportion of cells which show little or no hysteresis. 

If moisture characteristics of the second type involve a reorientation of 
mineral particles, they also might be expected to be irreversible, for one 
cycle at least of moisture change, so that the presence of hysteresis is not 
necessarily an indication of a particular mechanism of drying, nor a sure 
guide to the interpretation of the characteristic. Re-wetting of the kaolin 
sample already referred to could not readily be carried out in our pressure- 
plate apparatus, but an almost uncontrolled re-wetting to the “ sloppy 
point ” brought the moisture content and volume back to the initial values ; 
we cannot therefore say there was no hysteresis shown by this sample, but 
there was no non-recoverable shrinkage. We propose in the near future to 
compare results of this kind with moisture and volume changes of the same 
materials under direct applied pressure. 

Perhaps the soil property most obviously governed by pore-size distri¬ 
bution is the permeability to fluids. Formul® have been proposed inde¬ 
pendently by various workers,^® relating permeability to porosity and 
specific surface, and bearing a close resemblance to one another. In general 
it may be said that too small a range of experimentally available porosity 
prevents a satisfactory test as regards this factor, but, as regards specific 
surface, there is fair agreement between experiment and theory for such 
materisds as have independently calculable specific surface. Such theories 
may be criticised on the grounds that, whilst porosity and specific surface 
are uniquely determined by the void-space geometry, which also determines 
permeability, the converse is not true, and it is possible to conceive of 
difierent pore-size distributions, with presumably different permeabilities, 
yet having the same porosity and specific surface. Further, the void-space 
geometry undoubtedly accounts for the anisotropy which most soils cxliibit 
to greater or less degree, since, for example, a structured soil with cracks 
l3dng predominantly in equipotential planes has lower permeability than 
tiiat same soil with the equipotential planes perpendicular to the cracks. 
The specific surface would, of course, be the same in both cases, and might, 
moreover, be very little affected by the presence of the cracks, to which 
appreciable permeability is primaiffy due. Empirical approaches to the 
relationship between pore-size distribution and permeability have been 

Schofield, Trans. 3yd Int. Congr. Soil Sci,, 1935, i, 30. 

Fair and Hatch, J. Amer. Waterworks Assoc,, 1933, * 5 * I 55 i- 

Kozeny, £er. Wten Akad,, 1927, Z36a, 271. 

Zunkcr, Trans, 6th Comm, Int, Soc. Sotl Set, B, 1933, p.iS. 
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made by attaching varying weight to the contributions of pores lying in 
various size-groups.^® 

We have sought a theoretical treatment which brings out more clearly 
than hitherto the mechanism involved, and have tested it by measurements 
on a coarse sand fraction in which the pore-size distribution is certainly to 
be inferred from the moisture characteristic. The test permits the study 
of a great range of effective porosities, and also results in a measurement of 
direct interest in soil science, namely, the variation of soil permeability with 
moisture content. 

Consider two soil columns of unit cross-section; the exposed ends, 
A and B, wiU exhibit pore-size distributions f(r) and F(r) where f(r)Sy is the 
area of A devoted to pores of size between r and r + br, whilst F(r) is 
similarly defined with respect to B. F(r) and f (r) are revealed by the moisture 
characteristic alone if the sand is isotropic, but may need the assistance of 
direct microscopic examination in various planes if the medium is anisotropic. 
When A and B arc brought together to constitute a continuous column, 
the total area devoted to the sequence of a pore of size a followed or preceded 
by one of size p will be proportional to f(or)< 5 r. F{p)6r -f- f(p) 5 ;'. Y{o)br, If 
botli columns consist of similar soil, so that the whole is a uniform-conducting 
column, then f(r) is identical with F(r), and the area devoted to the given 
sequence is proportional to i{G)br , f(p)dn We shall make two assumptions 
which involve small errors in opposite senses; first, that cells make no 
contribution to permeability other than by the direct sequence of the above 
t3^e, and second that the permeability contribution is limited by the smaller 
cell in the sequence. The first assumption, by ignoring leakajge via more 
devious paths, underestimates permeability, the second, by ignoring the 
potential-drop in the larger cell, overestimates it. Suppose a< p ; then the 
number of flow-limiting cells in the sequence cross-section considered is 
proportional to t{a)dr . f{p)drla^. By Poiseuille's equation, the contribution 
to flow of each individu^ cell-sequence is proportional to or®, hence the con¬ 
tribution, of all the cells of this sequence to the permeability is 
bK^ i{a)br . f(p)< 5 y. a® and the total permeability, K, is given by 

Koz S i: i{a)br.i{p)br.a^ ... (2) 

oresQ pB=o 

In (2) the final factor changes to p^ when p< or. The summation is carried 
out numerically from the moisture characteristic, and by stopping at a chosen 
value R one can compute the permeability of a soil at any desired moisture 
content, i.e., at a desired effective porosity. 

The experimental determination of permeability at varying moisture 
content is beset with difficulties. The hydraulic potential gradient which 
produces the flow also plays its part in determining the moisture content, 
which therefore varies along the flow-path. Determinations both of the 
potential gradient and of moisture content are not straightforward. How¬ 
ever, if one can employ a sufficiently long column, it has been shown that 
the moisture content and pressure deficiency axe sensibly constant over a 
considerable length. The potential gradient in a vertical column is therefore 
the gravitation^ gradient only and is known without measurement. Con¬ 
stancy of moisture content enables one to use indirect electrical (apparent 
capacitance) methods of measurement of moisture content without the use 
of troublesome guard-rings in alternating current circuits. Manometers 

Baver, Proc, Amer. Soil Sci. Soc., 1938, 3, 52. 

Nelson and Baver, Proc, Amer. Soil Sci. Soc., 1940, 5, 69. 

Smith, Browning and Pohlson, Soil Set., 1944, 57, 107. 

rhilda Soil Sci.. IQ 45 . 59 * 405. 
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were used only to indicate when conditions were steady after a change of 
rate of flow. 

Fig. 3 shows the computed permeability curve for a sand fraction (moisture 
characteristic as in Fig. 2) separated between the i mm. and 0-5 mm. sieves, 
together with the experimentally observed curve, with which the computed 



c^e was matched at an arbitrary point. A second set of points was 
oDtained for the condition of increasing moisture content, which was occar 
sion^y Madentally achieved by a momentary blockage of the inlet syphon 
leedmg the now-tube followed by a resumption of fuU flow. We have not 
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reproduced this curve since we have not yet enough points, but it seems that the 
permeability at a given moisture content is greater when that content is 
decreasing than when it is increasing, which argues a difierent distribution 
of water. A curve computed from a Kozeny-type formula, matched at the 
same point, is also given. 

The dependence of permeability upon moisture content has long been 
recognised in the definition of the so-called lento-capillary point,'' the 
moisture content of soil at which the permeability is no longer appreciable. 
The "definition" is, of course, vague and no more than a qualitative 
appreciation of an observed phenomenon, and we can see that there really 
is no such recognisable point. Another " moisture constant" illuminated 
by this discussion is the " field capacity," usually untenably defined as the 
moisture content of soil when freely draining under gravity. The field 
capacity is a property which is obtrusive mainly in dry regions where irrigation 



Fig. 4.—^Diffusion coefficient of the sand fraction as a function of moisture content. 


is practised. The observed facts arc that water moves down the soil profile 
relatively rapidly during the irrigation and for a few days subsequently, the 
added water redistributing itself to wet a certain depth to a certain moisture 
content. Thereafter the water moves relatively dowly, moisture content 
changes being due mainly to removal by the crop. There is no suggestion 
of complete attainment of equilibrium, but only of a sudden rapid decrease 
of movement after an initial free-moving stage. The moisture content at 
the assessed " end " of this initial stage is the field capacity. Redistri¬ 
butions of water of this kind are reminiscent of diffusion.®® Darcy*s law, for 
a vertical potential graxiient, is 

djr/df ~ —JST dy/dA • . • * (3) 


*0 r Apvic. Set, iq^6, 26, 527* 
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or dy/d^ = —K ^gp + (dy/dc) (dc/d/i)} ... (4) 

where dq/dt is the apparent flow velocity, h is height above datum and c is 
the moisture content. Eqn. (4) is the diffusion equation with diffusion 
coeflicient /c given by 

fc = K{gp . dhjdc + dy>ldc ).... (5) 


The term gp . dhjdc will often be negligible. Fig. 4 shows Kdy)li\c as a 
function of c, for the sand described above. Up to about 25 % water, 


the two factors change in opposite 
senses, with /c at a low value and 
changing relatively slightly, but 
above 23 % water both factors 
increase together resulting in a 
rapid growth of diffusion co¬ 
efficient. Rough " irrigation 
experiments (see Fig. 5) with 
initially dry sand in sectioned 
glass tubes qualitatively confirmed 
this conclusion, the slowly moving 
and steep water-front reflecting 
slow diffusion for moisture con¬ 
tents up to about 23 %. This 
figure also justifies the neglect of 
the gravity term excepting where 
the diffusion coefficient is in any 
case high. We do not wish to 
dismiss hysteresis as an agent in 
maintaining a long-lived moisture 
gradient,®^ but to emphasise the 
existence of another factor which 
does not involve recognising such 
a ^adient as a case of static 
equilibrium. 



Dtpth, trtfrt. 


Fig. 5.—Moisture distribution in a sand 
column at various times after " irriga¬ 
tion." The initial water intake, with 
water fiont advancing to about 5 cm., 
took place in only 7 sec. 


Others of the moisture constants ” (e.g., wilting point) seem to fall either 


in the group which includes field capacity, being characterised by inherent 
importance, explicability in terms of more-or-less understood factors, but 


impossibility of precise definition ; or into a group characterised by precise 
definition in arbitrary terms, and including, for example, the hygroscopic 
capacity, the "^F 4*2 point," the moisture equivalent and the recently 
introduced 13 atm. and | atm. points. These latter " constants " often owe 
their existence to the fact that, whilst capable of reproducible laboratory 
determination, they approximate to certain significant but indefinable 


constants of the first group. 


« Schofield, Trans, ^rd Int, Congr. Soil Set., 1935, 37 - 
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I. Historical 

In 1941 Derjagnin and Sidorenkov^ published some remarkable results 
on the thermo-osmosis of water and other pme liquids through a sintered- 
glass filter. The present paper is concerned with an attempt to repeat 
the Russian work, together with some general remarks on the history and 
theory of thermo-osmosis. 

The phenomenon of thermo-osmosis was discovered and named by 
Lippmann ® in 1907. In his experiment a volume of water was separated 
into two parts by means of a membrane. When the two regions of the 
system were held at different temperatures, it caused a flow of water through 
the membrane from the cold to the hot side. Using a membrane of gelatine 
a few cm. in diameter the rate of flow was of the order of 50 mg./min. for a 
temperature difference which was of the order of 80° c. 

Lippmann’s work was greatly extended by Aubert ® who made a detailed 
investigation of the thermo-osmosis of water and other liquids through 
various membranes. It was found that membranes of gelatine, pig’s bladder, 
etc., gave rise to a flow of water from the cold to the hot side, whilst certain 
other membranes, notably parchment paper and viscose, gave a flow in the 
reverse direction. Porous plugs composed of mineral material gave no flow. 
Aubert found that the effect depended both on the imbibition by the mem¬ 
brane of some of the liquid and on the presence in the membrane of water- 
soluble substances. It was not the passage of these substances into the water 
on either side which caused the phenomenon and it only occurred whilst 
these substances were still wiiMn the membrane. Aubert concluded that the 
phenomenon was electrical in its origin and was related to electro-osmosis. 
Freundlich,* in his discussion of the efEect, suggests that there is a membrane 
potential which is dependent on temperature and is thus unequal on the 
two sides. 

If a sufficient hydrostatic pressure is applied to the part of the system 
towards which the flow takes place, the flow can be brought to a stop. 
This condition of the system, in which there is a steady difference of tem¬ 
perature and pressure but no flow of the liquid, will be referred to as llie 
stationary state. Aubert found it difficult to investigate this state, due 
to instability, but he quotes the following figure for a particular gelatine 
membrane in water; pressure difference 1235 mm. water for a temperature 
difference which was probably about 80° c. The effect is clearly one of 
con^exable magnitude. 

A well-known phenomenon in gases which is qualitatively analogous is 
that of thermal effusion, which was investigated by Knudsen. When a porous 
barrier separates two regions of a gas which are at different temperatures, a 
flow takes place from ttie cool to the hot region, resulting in a difference 

1 Derjagnin and Sidorenkov, Compt rend., U, 2 i.S.S., 1941, 3a, 622. 

* Lippmann, CompL rend., 1907,145, 104, 105. 

* Anbert, Ann. Ckim, Physique (8), 1912, a6, 145, 551. 

* Frenndlicb, Colloid and Capillary Chemistry {1926), p. 272. 
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of pressure. The effect depends on the diameter of the pores in relation to 
the mean-free-path and is a result of molecular flow through the barrier. 
The mechanism of the effect is known from kinetic theory and it does not 
allow of the possibility of flow in the reverse direction, such as had been 
observed in the thermo-osmosis of liquids. 

The work of Lippmann and Aubert seems to have been largely forgotten 
and when the fountain-effect in He II (i.e., its flow through a capillary 
under the influence of a temperature gradient) was discovered, it was regarded 
as entirely new. However, in his paper on the theory of He II, Landau ® 
remarks that " the presence of the thermo-mechanical effect is not in 
itself peculiar only to helium, anomalous is only the large value of the 
effect." In pursuance of Landau's remark, Reekie and Aird ® investigated 
the possibility of a thermo-mechanical (i.e., thermo-osmotic) effect in water 
by establishing a temperature gradient across a porous plug of material such 
as French Chalk. It was concluded that if any such effect exists it is less 
than I0“* of that observed in helium. This result is in agreement with 
that of Aubert, who had found no thermo-osmosis of water through plugs of 
inorganic material. It was therefore very surprising when Derjaguin and 
Sidorenkov ^ reported a very considerable effect when a temperature gradient 
was created across a sintered-glass disc immersed in water, carbon tetra¬ 
chloride and other liquids. 

Reekie and Aird, and also Derjaguin and Sidorenkov, seem to have been 
unaware of the earlier work of Lippmann and Aubert. At the same time 
London ^ and other workers on the theory of the fountain-effect make 
no mention of a thermodynamic treatment of thermo-osmosis which had been 
given by Eastman,® and later by Wagner.® This thermodynamic treatment, 
which has been recently extended by de Groot,^® shows in brief that a 
thermo-osmotic effect is to be expected, provided that the transport of fluid 
across the barrier involves a certain heat effect. This heat effect is the 
absorption of heat on the one side of the barrier and its liberation on the 
other, and must be assumed to take place even if the two sides are at the 
same temperature. The thermodynamic treatment then comprehends the 
following phenomena: [a) thermal effusion in gases, (i) the fountain-effect in 
He II, (c) the thermo-osmosis of liquids. (We are not aware of any corre¬ 
sponding observable effect in pure solids.) The thermodynamic treatment 
tells us nothing about the mechanism of the effect, which is, no doubt, 
different in these three cases. 

The origm of the present paper was an attempt to repeat the experiments 
of Deijagum and Sidorenkov. At the same time we have sought to clarify 
the rather confused situation described above as a preliminary to a more 
extensive investigation which we have in hand. 

II. Repetition of the Experiments of Derjaguin and Sidorenkov 

The apparatus used by the Russians is shown diagrammatically in Fig. i a, 
D is a sintered-glass disc, of average pore diameter lo”* cm., C is a horizontal 
capillary, H a heating coil and S a stirrer. The liquid under investigation 
filled the vessel up to a meniscus in the capillary. The procedure adopted 
was to heat the liquid in the main part of the vessel over a period of 50-100 
sec. without stirring. Since the vessel was cylindrical, this heating did 

® Landau, /. Physics, U.R,S S., 1941, 5, 71- 

« Reekie and Aird, Nature, 1945, 156, 367. 

^ London, Proc. Roy, Soc, A., 1939,171, 484. 

® Eastman, ]. Arner, Chem. Soc,, 1926, 48, 1482; 1927, 49, 794; 19»B, 50, 283. 

» Wagner, Ann, Phystk (5). 1929, 3 . ^29 »' ^9$o, 6. 370. 
de Groot, Physica, 1947,13, 555 ; Compt, rend,, 1947, 225,173- 
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not upset the hydrostatic balance. The heating was then discontinued 
and the stirrer was set in motion. This caused heated liquid to reach the 
upper surface of the sintered-glass disc. There was an immediate shift 
of the meniscus towards the right and the rate of this movement was observed 
and recorded. It was found to be approximately proportional to the 
temperature difference across the plate (10-40° c.) and for different liquids 
the magnitude of the cflect was in the following order: CH3-OII>CCl4> 
CH3*COOH>watcr>o*iN. NaCl in water. For water the initial linear 
rate of flow was of the order of lO'^ cm./sec. for 1° c. temperature difference 
and for methyl alcohol it was about five times larger. The Russian authors 
do not quote the diameter of their capillary and the volume rate of flow 
is, therefore, not known. They found dso that the deposition of oleic acid 
within the pores of the disc caused a reduction of the effect with water by 
approximately two times. 




The present authors constructed a similar apparatus and observed move¬ 
ments of the meniscus in the capillary (0-075 cm. diam,). It became evident, 
however, that there were several sources of error which are not mentioned 
by the Russians in their paper. One of these was the evaporation from the 
surface of the water in the main part of the vessel and this was overcome 
by covering it with a layer of Apiezon oil. However, a more serious diflSculty 
was the discovery that the temperature of the water below the disc began 
to rise immediately the heated water reached the upper surface. It seemed 
that the movements observed in the capillary might be due entirely to 
the slow heating and expansion of the water below the disc, i.e., a thermo¬ 
meter effect. This was confirmed when it was found that an apparatus 
containing a sohi glass plate, in place of the porous disc, gave an initial 
linear rate of movement in the capillary of about lO”® cm./sec. for 1° c, 
difference of temperature, which is the same as that obtained by Derjaguin 
and Sidorenkov and which they regard as due to thermo-osmosis. However, 
in view of the uncertainties as to the relative diameters of capillaries, etc., 
there still remained the possibility of a genuine thermo-osmosis, over and 
above that part of the movement observed by the Russians which we believe 
to be due simply to thermal expansion. 

The present authors therefore constructed a second apparatus in which 
heat was supplied at a constant rate at one side of a sintered-glass disc 
and was removed at a constant rate at the other side. By creating a 
stationary temperature gradient, in place of a transient one, effects due 
to thermal e>q)ansion, and resultant pressure changes, are avoided and the 
thermo-osmosis, if it is present, should be observable as a continuous flow. 




H. P. HUTCHISON, I. S, NIXON AND K. G. DENBIGH 89 

The apparatus is shown in Fig. i b. The two vessels A and B are connected 
by a transverse tube in which is sealed the porous disc C, 2 cm. diam. and 
0*3 cm. thick. The vessels were connected at the bottom by means of a 
capillary D, 1-47 mm. diam. which was kept horizontal. A side arm E in the 
capillary made it possible to introduce a bubble of air in order to indicate any 
return flow of liquid from one vessel to the other, as a result of thermo¬ 
osmosis. In the transverse tube to the left of the porous disc there was a small 
resistance heater contained in a glass tube filled with oil. A thermo-j unction 
on either side of the porous disc was used for the measurement of the tem¬ 
perature difference. The whole apparatus was immersed in a thermostat at 
a temperature of 25° c. in order to obtain a constant rate of removal of heat. 
The temperature differences across the disc which were employed were of the 
order of 2-10® c. 

Preliminary experiments were carried out with a sintered-glass disc of 
porosity grade 4 (pores 5-10 X io~^ cm. diam.). Distilled water was tlie 
liquid which filled the vessel and its surface in the two vessels was covered 
with a layer of Apiezon oil, in order to eliminate evaporation. The move¬ 
ment observed in the capillary was almost negligible, amounting to 0-046 cm. 
in 2 J days, for a temperature difference of 5*8® c. 

More prolonged experiments were carried out with a disc of porosity 
grade 5 (average pore diameter 10“* cm.). Using water in the vessel, rates of 
movement of the order of 3 X lO'^ cm./sec. per 1° c. difference of temperature 
were at first recorded and in a direction indicating a flow through the disc 
from the warm to the cold side. After careful re-cleaning of the apparatus, 
the movement was not greater than 2 X lO”^ cm./sec. per i® c. Over two 
days' running of the apparatus, the rate of this movement declined and 
eventually became a very slow movement (lo"® cm./sec. per i®c.) in the 
reverse direction and then ceased altogether. It seemed possible that this 
slow decline and reversal of the effect might be due to the gradual elinaination 
from the porous disc of traces of chromic acid used for cleaning. The apparatus 
was therefore again refilled with distiUed water. On restarting, not the 
slightest movement was observable, until a small amount of chromic acid 
was introduced into the disc when an appreciable, but rather erratic, move¬ 
ment again became evident, first in one direction and then in the reverse. 
In each of these runs it was confirmed that there was no sticking of the 
indicator bubble in the capillary by observing its movement caused by the 
addition of a drop of water to one or other of the vessels. 

As a result of the experiments, the authors are convinced that there is no 
significant thermo-osmosis of water through a sintered-glass disc, provided 
that it is entirely free from any electrolyte. We also observed no move¬ 
ment when carbon tetrachloride was used as the liquid tmder investigation. 
Experiments were also carried out on water in which the porous-glass disc 
was replaced by a tightly packed plug of activated carbon. An initial flow 
was observed in the direction from cold to warm. This flow eventually 
reversed itself and finally became zero. The initial flow may have been due 
to the ions of the activating substance in the carbon. 

III. Thermodynamic Conditions for the Appearance of Thermo¬ 
osmosis 

The experiments described above show that the thermo-osmosis of water 
through a sintered-glass disc is a negligibly small effect. Similar conclusions 
with regard to thermo-osmosis through plugs of chalk, etc., had been 
described previously by Aubert, and by Reekie and Aird. The apparent 
thermo-osmosis through sintered-glass described by Deijaguin and 
Sidorenkov we believe to be due to the thermal expansion of fiie liquid, 
or to the presence of impurities. It remains to consider under what 
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conditions a true thermo-osmotic effect may appear; some information on 
this question is available from thermodynamics. 

The type of system which we are considering is not at equilibrium since 
there is a temperature gradient and a flow of heat. It is therefore unsuitable 
for discussion by the methods of classical equilibrium thermodynamics 
(“ thermostatics "). For this type of problem two metliods of treatment 
have been used. 

(a) The method known as "quasi-thermostatic." This was first used 
by Kelvin in his treatment of the thermo-electric effect and by Helmholtz 
for the case of the concentration cell with transport. The method has 
been applied by Eastman ® and Wagner ® to several types of processes, 
including thermo-osmosis, in non-isothermal systems. The essential features 
of the method are: (i) the assumption that the equilibrium condition of 
the second law, UdS = o, can be applied at the stationary state of the 
system, to those parts of the process which are assumed reversible, despite 
the simultaneous occurrence of processes, such as heat conduction, which 
are not reversible ; (2) the assumption of a " heat of transfer." The nature 
of these assumptions mil become clearer from the following treatment which 
is similar to that of Eastman. 

Consider two vessels, I and II, containing the same pure substance, 
and which are m complete thermodynamic equilibrium with each other. 
Each vessel is in contact with a heat reservoir and both are at the same 
temperature T, If the substance is in different phases m the two vessels, 
the reversible transfer of material between them will involve absorption 
of latent heat, Z, in the one vessel and its liberation in the other. However, 
the overall entropy change for the reversible transfer is 

dSr -f- dSg = o . . . . • (^) 

where the subscripts r and s refer to the reservoir and to the substance 
respectively. By applying this equality we can then obtain the Clausius- 
Clape3n:on equation, 

dpidT^LjT.AV .(2) 

If the substance is in the same phase in the two vessels, we are not normally 
accustomed to regard this reversible transfer between the vessels as involving 
any heat, simply because it is not necessary to allow for it. For example, 
if the transfer is effected by passage through a membrane there may be 
heat absorbed, Q*, when the substance dissolves in the membrane at the 
one side and the liberation of the same amount of heat when the substance 
passes out of the membrane at the other side. Since the temperatures are 
equal, the two entropy terms, —-^*/r and Q*IT, exactly cancel and are 
therefore not usually considered. However, in the case of non-isotliermal 
systems, the two entropy terms do not cancel. The heat effect, Q*, must 
then be allowed for and is the origin, in a thermodynamic sense, of phenomena 
such as thermo-osmosis. 

The heat of transfer, Q*, is then defined as the heat absorbed in vessel I 
and liberated in II when one mole of the substance is transferred from I 
to II by a particular mechanism, the temperatures and pressures remaining 
constant. The magnitude of Q* depends on the mechanism of transfer, 
e,g., through a porous plug, membrane or capillary, and may be zero. 

Consider now the thermo-osmotic system consisting of the same pure 
substance in two vessels I and II at temperatures T and T + dT and pressures 
psiidj) dp. Each vessel is m contact with a heat reservoir at temperatures 
T and T + dT respectively. The transfer of one mole of the substance 

Kelvin, Mtzthematical and Physical Papers, Vol. I, p. 232 et seq, 

Helmholtz, Wied, Ann, 1878,3, 201. 
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from I to II involves an entropy increase in the substance given by 


<iS< 


= (a 


dr + 


bS\ 


dp 


•( 3 ) 


ip \bp)r 

There is a simultaneous change of entropy of the reservoirs due to tlie heat 
of transfer, Q*. The entropy increase m the two reservoirs is given by 

Q* Q* Q*■AT 

^ r + dr ~ T" - 2 '* 


dS„ = 


( 4 ) 


There is a second entropy change, d 5 |.„ in the reservoirs due to the heat 
absorbed by the substance in the change of state from T, ^ to T -f- dT, 
p + dip. This entropy change is given by 

ASr, = -i(dU + die.) = -|.{dC 7 + {p + Ap) (F + ~‘Ap +%'AT) -pv] 



At the stationary state of the system, i.e., when the temperatures and 
pressures are constant, it is now assumed that the following condition holds, 
despite the occurrence of heat conduction between I and II: 

dSg + ASf^ + dSf =0 . . • . (6) 


Hence, from (3), (4) and (5), 

iz 9i\ 

Idp^ T dp T dp ^ ‘^IdT'' T hT " Jdr “ 


dr=o 


Substituting the well-known values for 



etc., eqn. (7) reduces to 


( 7 ) 


V .dp 
T 


Q*.dT 

fT- 


— o, 


or 


dr VT 


. ( 8 ) 


where V is the molar volume of the substance. The temperature difference 
dr will thus give rise to a pressure difference d^, only when Q* is not zero. 
The thermo-osmosis thus depends entirely on the existence of the heat of 
transfer. 

The relation (8) is analogous to the Clausius-Clapeyron equation, (2), 
and is obtained by an essentially similar method. It was obtained also by 
Wagner, who used a cyclic method, and by London for the special case of the 
fountain-effect in He II. (In London's treatment it is not assumed that 
the heat effect is necessarily the same at either end of the capillary.) 

In his original application of the " quasi-thermostatic " method, Kelvin 
stated very clearly that the application of the equilibrium condition (i.e., 
eqn. (6)) to a system through which there is a flow of heat is only a hypothesis ; 

. . however probable it may appear, experimental evidence ... is quite 
necessary to prove it." Confirmation of the relations deduced from this 
h5q)othesis has been obtained in certain cases, e.g., the thermo-electric 
effect.^® 

(J) The second method for dealiog with phenomena such as thermo¬ 
osmosis is that which is based on file “ thennod5mamics of irreversible 
processes," as developed by Eckart/^ Meixner^® and Verschaffelt,^* 


See, for example, Epstein, Th&rmodynamics, p. 366. 

Eckarfc, Physic. Rev., 1940, 58, 267, 269, 919, 924. 

Meixner, Z. physik. them. B, 1943, 53 * 235 ; Ann. Physik., 1943, 43, 244. 
Verschaffelt, Bull. Acad. Sci. Belg., 1942, 28, 490. 
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together witli the reciprocity relations of Onsager.^^ An account of its 
application to the fountain-effect in He II has recently been given by 
de Groot and his treatment is valid for other forms of thermo-osmosis. 
The following is a brief account of the essential features of the metliod. 

By analogy with the dynamics of mechanical systems, it is necessary, in 
order to develop a true “ thermodynamics,'* to introduce velocities and 
forces. Thus, if a flow of heat is taking place at a rate /i it may be regarded 
as due to a thermal “ force " which is dependent on the gradient of 
temperature. Similarly, a flow of matter at a rate J2^^ due to a " force " 
X2, which is dependent on the gradient of chemici potential. If both 
flows take place simultaneously in the same system it may be supposed, in 
the absence of evidence to the contrary, that the flow rates Ji and /g each 
depend on both of the forces and Xg. This is a more general assumption 
than its converse (i.e., that Ji depends only on Xi, on Xg), and effects 
such as the thermo-osmosis and thermal diffusion depend, in fact, on the 
flows and J 2 being independent. 

As a first approximation, it is assumed that the flows are linear functions 
of the forces: 

= iij jCi •+• Li2 -^2 \ 

J2 = i21-S:x + L22^2, f 


where Xu, etc., are coefficients. It remains to determine the form of the 
forces, Xj and Xg, which were stated above to depend on the gradients of 
temperature and of chemical potential. 

Consider a system in which is taking place spontaneous processes such 
as heat conduction, diffusion, chemical reaction, etc. It is a fundamental 
feature of the theory of Eckart and Meixner that the rate 0 of creation of 
entropy per unit volume, due to these natural processes, is always expressible 
as the sum of a number of terms (one for each process), and each of these 
terms is the product of two factors. It follows that the rate of energy dis¬ 
sipation, which is r0, can also be expressed as the sum of products of two 
factors: Td = X {j^ Xi). Now in each pair, the factor ji can be chosen as 

equal to Ji, the rate of flow, or displacement, of heat, matter, etc. By 
analogy with the relation, work = displacement X force in mechanics, the 
factors Xi are therefore identified as the “ forces," Xi, which give rise to 
the flows or displacements. Moreover the theory gives the explicit expres¬ 
sions for these forces in terms of the gradients of temperature, chemical 
potential, etc. By the use of these expressions, the eqn. (9) can then be 
applied to any particular problem, as, for example, thermo-osmosis. 

At the stationary state of the thermo-osmotic system, we have /g, the 
flow of matter, is zero, whilst /i, the flow of heat, remains finite. Hence 
from (9), 

Xgi Xj ~ “ X22X^2 .... (^0) 

The substitution in this equation of the expressions for X^ and Xg, in terms 
of the differentials of temperature and pressure, dT and dp, then gives the 
relation. 






or 




dT 


. (II) 


where 97 is a function of the coefficients X21 and X22 of eqn. (lo). Finally, 
the Onsager theory gives the reciprocity relation Xgi = X^g, and this can 
be used to discover the physical meaning of the fimetion (p in (ii). It 


Onsager, Physic. Rev., ig^x, 37, 405 ; 1931, 38, 2265. 
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is found to be equal to the energy which is transported when a mole of 
the substance is moved between the two halves of the system and is thus 
identical with the '' heat of transfer" of Eastman and Wagner, The 
theory thus gives the same relation, 


dT ““ VT 


(12) 


as is obtained by the " quasi-thermostatic'' method, but without the 
supposition that the system obeys the equilibrium condition of the second 
law. The same relation had also been obtained previously by Derjaguin and 
Sidorenkov^, by using the Onsager relations, but we have not been able 
to follow the detaik of their treatment. 

To sum up, it seems that (12) can be obtained by a number of different 
methods of a thermod5mamic type. It is a relation which gives the difference 
of pressure, as a function of the difference in temperature, between the 
two parts of a system composed of a single fluid substance. It is evident 
that the pressure difference is only obtained when the particular mode of 
separation of the two parts of the system is such that the heat effect Q* 
is not zero. For example, in the thermal effusion of gases, Q* is finite and is 
due to a change in the average energy of the molecules when the motion 
changes to molecular flow in the pores of the barrier.® The value of 
Q* can then be calculated and it has been shown by Wagner ® and Casimir 
riiat eqn. (12) reduces to the same expression as is obtained by kinetic theory 
for therm^ effusion and is in agreement with experiment. In the case of 
the fountain-effect in He II, the heat effect seems to be due to a difference 
in properties between superfluid and normal helium. The experimental 
results of Meyer and Mellmk are again in good agreement with eqn. (12), 

For thermo-osmosis through membranes the heat Q* is presumably 
related to the heat of solution of the fluid in the substance of the membrane. 
A rough '' explanation " of the thermo-osmotic effect may then be given 
as follows. If the heat of solution is finite, the solubility will vary with 
the temperature, according to classical thermod3mamics. The amount 
of the fluid dissolved in the membrane will thus tend to be unequal on its 
two sides, and there will be a concentration gradient within the membrane 
which results in a continuous flow of the dissolved substance from one side 
to the other. 

It is possible, however, that no case of thermo-osmosis through membranes 
due solely to the heat effect Q* has yet been found. Thus, in many of 
the examples described by Idppmann and Aubert, there was strong evidence 
of an electro-kinetic mechanism arising from the presence of impurities 
within the membrane. As regards the thermo-osmosis of water and other 
liquids through sintered-glass discs, Derjaguin and Sidorenkov attribute 
the effects observed by them to a change in the specific heat of the liquid 
in very thin layers close to the surface of the glass. However, the results 
of our own repetition of their work show that the effect, if it exists, must be 
very small indeed. It remains to discover, therefore, a case of thermo- 
osmosis through membranes or porous barriers, other than the thermal 
eflusion of gases at low pressures, on which the thermodynamic relation {12) 
can be tested. Alternatively, it may be possible to extend the thermo- 
d3mamic treatment to include the effect of electro-kinesis. 


Casimir, Rev, Mod, Physics^ 1945, * 7 , 343. 

Meyer and Mellink, Physica, 1947,13, 180, 197. 

Herzfeld and Smallwood, in Taylor's Treatise on Physical Chemistry, 2nd Ed., p. 199. 
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Summary 

A STirvey is made of the history and theory of the thermo-osmosis of water and other 
fluids through porous material. The authors have repeated certain experiments of 
Derjagum and Sidorenkov in which it was claimed that there is a significant thermo- 
osmosis of water and other liquids through a sintcred-glass disc. The present work 
shows that the effect with water and carbon tetrachloride is entirely negligible provided 
that care is taken to avoid effects due to thcimal expansion and to the presence of 
electrolyte. Thermodynamic analysis suggests that a necessary condition for the 
thermo-osmotic effect is the existence of a certain “ heat of transtcr ” across the porous 
barrier. In the case of a sintered-glass disc, it seems that this heat effect must be 
negligible. 

Imperial Chemical Industries, Ltd,, 

Butterwick Research Laboratories, 

Welwyn, Herts, 


GENERAL DISCUSSION 


Mr, S, Baxter {Wrexham) [communicated) : I would like to comment on 
one point in Prof. Adam’s introductory remarks. The value of 120® quoted by 
Baxter and Cassie for the advancing angle of water against a wool fibre cannot 
be taken as a true contact angle as the &re itself has a rough surface. Further 
Wenzel’s equation is not valid for a water-repellent wool yam as there is not 
a continuous solid-water interface. The porous surface equation must be 
applied and this is rendered difficult due to film formation between fibres when 
the water is receding from the yam. Unless the area of water film formed can 
be determined the / values for the yam cannot be obtained. For a water- 
repellent yam we have 

cos = /i cos 0^ — /a . . . . (i) 

cos 0i =/iCOS 0^ -/3 +/, . . . . (2) 

and /s+A-A .(3) 

Where the 0 ’s, and /a, are as defined earlier/ /g is the area of air-water inter¬ 
face and /* the area of water-water interface per unit geometrical area of yam 
surface when the water is receding from the yam. It is clear that an independent 
estimate of, say, f^, is necessary for a solution of the equations. 

Dr. S. J. Gregg [Exeter) and Dr, R. I, Razouk [Cavro) [communicated) : In 
cqn. (i) of Prof. Adam’s paper, it is not explicitly stated whether is the free 
surface energy of the clean solid, i.e. exposed to vacuum, or of the solid carrying 
an adsorbed film. The usual practice is to take it as the free surface energy 
of the clean solid ; eqn, (i) then becomes 

= (yao - y J + yi.r • . • • [a) 

In eqn, (2), however, y, refers to the solid carrying an adsorbed film (formed 
by adsorption from the vapour phase or by spreading from liquid or both) and 
is perhaps more clearly written ; for eqn. (2) this gives 

yav = yaii + yx.v cos 0 . . . . (6) 

The dptinction between and in relation to contact angles is implicit 
in Harkins and Dahlstrom’s paper of 1930/ but was first made explicit by 
Bangham and Razouk in 1937.^ 

^ Cassie and Baxter, Trans, Earaday Soc,, 1944, 40, 546. 

* Harkms and Dahlstrom, Jnd, Eng, Chem,, 1930, 22, 897. 

® Bangham and Razouk, Trans, Faraday Soc,, 1937, 33 » ^ 459 * 
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At constant temperature, and are fixed but ygv is dependent on the 
amount adsorbed P and is in principle calculable from the Gibbs adsorption 
isotherm ^: 

P 

7^7 = y.o ~J' ^RT dla. p . . . . (t) 

O 

where F is the adsorption in mol. cm.-® and p the pressure of vapour, heroin 
eqn. (i)) and (^;), cos 0 = i[r) and this shows clearly the marked influence of the 
adsorbed film on the contact angle. 

Consider first the case where impurities are rigorously excluded : this entails 
removal of grease and such-like contamination, thorough outgassing to the 
degree usual in vapour adsoiption measurements, and conducting the experi¬ 
ment in an enclosure containing only the solid, the experimental liquid and 
its saturated vapour, with complete absence of air. 

When advancing contact angles are being measured, if the adsoiption is rapid, 
ygv quickly to its limiting minimum vSue for the saturated vapour pressure, 
viz. yi^, and the contact angle rapidly rises to its equilibrium value given by 

cos 0. = . ... (d) 

If, however, the adsorption equilibrium is attained slowly, the contact angle 
will rise from a low initial value and reach its maximum value 0, only after some 
time. This state of affairs, where the advancing contact angle increases up to a 
maximum could be but rarely encountered in practice, however, for the experi¬ 
mental conditions are extremely exacting. 

In measuring the receding contact angle, the vapour-saturated surface has 
to be flushed with the liquid. As the latter recedes, the film remaining on the 
surface is duplex in nature : its upper surface has the properties of the bulk 
liquid and therefore gives zero contact angle. Such a film is unstable (except 
when the contact angle is zero) ® and its energy relation is given by 

y^L + nv = y«i + ywcosB, ....{$) 

so that cos 0 , = I. Comparing -with eqn. (i), Va. + Vn > Yn, since cos 0 , < i. 
In other words, the duplex film has higher free surface energy than the adsor'I^d 
film formed from the saturated vapour and is therefore unstable relative to it. 
Consequently the duplex film converts spontaneously into an adsorbed film so 
that the contact angle must increase from its zero value, ultimately reaching 
the equilibrium value 0 ^. Clearly a change of structure is involved from that of 
bulk liquid to that of the adsorbed layer; and a conversion of this kind requires 
time, and moreover might pass through a number of intermediate states, each 
giving rise to a diflerent contact angle. Thus, unless sufficient time is allowed, 
pseudo-equilibrium values of the contact angle less than 0^ would be obtained, 
i.e. there is hysteresis of the contact angle. 

In presence of impurities the conditions are altered. Of particular interest 
is the case when the surface is contaminated with a substance which is so 
tenaciously adsorbed that it is displaced only very slowly by the vapour of the 
liquid (ysF <ysv), though prolonged contact with the liquid may remove it. If 
y„ is the free surface energy of file contaminated surface, the advancing contact 
angle will be given by 

cos 0. = (y„ — 7„) / y„ 

and will be greater than the equilibrium contact angle, since yB»<Y*v The 
receding angle will be given by 

cos 0- = , 

nv 

where y^ is the interfacial free energy of the contaminated surface against 
the liquid, soon after flushing. In general, y^ will differ very little from y„ 
and in most cases, therefore, y^ + y^^ > y or ^ so that cos 0,. >cos 0^ i.e. the 
receding angle is less than the advancing angle. 

This picture is not based on any particular mechanism of adsorption or 

* Bangham, Trans. Faraday Soc., 1937, 33 » B05. 

® Harkins, J. Chem. Physics, 1941, 9, 55Z. Cp, Colloid Chemistry, (ed. Alexander, 
1946), 6, p. 61. 
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particular shape of isotherm as in Dr. Cassie's theory. The effect described will, 
of course, be additional to other causes of hysteresis of the contact angle such 
as the roughness of the surface or its inhomogenoity. 

Dr. W. Hirst {Aldermaston) {communicated) ; In eqn. (i), (2), and (3) of his 
paper, Prof. Adam has (a) assumed that the surface free energy and surface 
tension of a solid can bo equated, and (1>) ignored the adsorbed film which at 
equilibrium, is necessarily present on the solid. 

(a) Gibbs®’ has pointed out that the surface tension of a solid—the force 
required to increase the surface by stretching it, i.e, by a process which keeps 
the number of surface atoms unchanged—^is not, in general, numerically equal 
to the surface free energy—^the work required to produce additional surface 
0/ the same nature as before. It is, therefore, desirable to use different symbols 
to denote the two quantities. If y is retained to denote surface tension, F (the 
usual symbol for the Helmholtz free energy) may appropriately be used to 
denote surface free energy. 

(fe) If a solid and liquid are in equilibrium, the liquid is also in equilibrium 
with its saturated vapour ; it follows that there is on the solid an adsorbed film 
in equilibrium with the saturated vapour. It is important to note also that when 
a film is adsorbed, the changes in surface free energy and surface tension are 
not, in general, numerically equal; only when the adsorbed film is mobile can 
the changes be equated. 

Thus, for eqn. (i) and (2) to be generally valid, they should read, 

^axi ” •^av "f" yiiv • • • • (l) 

+ nvCOS 6 .... (2) 

where Fgv = the free surface energy of the solid in equilibrium with the saturated 
vapour. The use of y (as defined above) instead of F tacitly assumes that the 
adsorbed film is mobile. 

When the adsorbed films are mobile, the film possesses a spreading force and 
it becomes particularly easy to visualise the process of penetration into a capillary. 
Using eqn. (5) in Prof. Adam’s paper, one sees that the total driving force is 

2y cos 0 , Q 

- X Try* = 27rry cos 0 

r 

i.e. it is the difference between the spreading forces of the two films. This seems 
to offer a more satisfactory way of regarding penetration than does the conception 
of a “penetrating pressure ” of magnitude zycos 0/r because {a) it emphasises 
that the rate of penetration will depend on whether the adsorbed vapour film 
has had time to form, and (6) it does not set an upper limit aw'y to the driving 
force. 

It will be noted also that when the capillaries are so narrow that y cos 0 loses 
its meaning, the difference between the spreading forces of the two films may 
alter but it has still a definite meaning. 

Prof. N. K. Adam {Southampton) {communicated) : I am glad to learn that 
Mr. Baxter ascribes the rather large advancing angle on a wool fibre, of 120°, 
in part to a roughness factor. Ablett's value of 113® therefore seems the largest 
relmble value. The value of 105° for paraffin wax, quoted in The Physics and 
Chemistry of Surfaces, p. 186, is not the advancing angle, but the mean between 
advancing and receding angles, and is very nearly Ablett’s figure. 

Dr, Gregg, l^zouk, and Hirst, suggest that I have ignored the adsorption of 
vapour on fhe solid surfaces in the fundamental eqn, (i) to (3) of my paper. 
The symbols y, and Yw. were however intended (surely this is legitimate ?) to 
include the cases of solid surfaces with any amount of adsorbed vapour on them. 
Of course the actual values of the surface free energies of solids vary with the 
amount of vapour adsorbed on them, and the appropriate values must be 
substituted in my equations. I do not think these equations are wrong, but 
they are sufficiently general to cover solid surfaces with much adsorbed vapour 
or with practically none. 

• Collected works, 1928, 1, 315. 

’ Bangham, Trans, Faraday Soc., 1937, 33 » S05. 
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I have not, as Dr. Hirst says, " assumed that the force required to stretch 
a solid surface without changing the number of surface atoms is numerically equal 
to the surface free energy. I have chosen, as I and many others have done 
for a long time (although some recent critics seem not to have realised this), 
to use the words “ surface tension ** for the free surface energy. This may 
seem to Dr. Hirst a crime, but there it is I It seems to me debatable whether 
the force required to stretch a surface without altering the number o£ surface 
atoms, i.e. without equilibrium between surface and interior being established, 
is a sufEciently definite, or in principle measurable, quantity to merit Ixiing 
called by the familiar name surface tension,*' despite Gibbs* use of the term 
“ superficial tension ** for it. Gibbs very neatly distinguishes between these 
quantities as the work required to stretch a solid surface, and the work required 
to form a new surface. I prefer to use ** surface tension *’ for the latter quantity. 
Dr. Hirst assumes that the words “surface tension** mean the latter quantity. 
I feel that a discussion on the precise meaning to be assigned to the familiar 
words “ surface tension ** may be desirable, but that can scarcely be done here. 

Dr. W. Hirst [Aldermaston) {communicated) : Prof. Adam has made clear the 
sense in which he used the words “ surface tension.** It is unfortunate that 
some authors use “ surface tension ** when referring to the work of formation 
of a new surface, whereas others regard it as the work of stretching a surface. 
I strongly support his suggestion that a discussion should be held to decide 
on the terminology to be used in future. 

Mr. S, Baxter {Wrexham) {communicated) : As the present Discussion is very 
much concerned with contact angles and surface structure, some measurements 
I carried out some time ago, whilst with the Wool Industries Research Association, 
on the contact angles shown by wax surfaces against water are interesting. 

The advancing contact angle of water against paraffin wax is generally taken 
to be approximately io6® and the receding angle approximately 95®. ® ® Ablett, 
however, quotes values somewhat higher, namely 113® and 96®. Differences in 
contact angle for a given substance can easily arise due to roughness and porosity 
of a surface ^ and it seemed useful to investigate these effects for paraffin wax 
and spermaceti. Microscope slides were coated wdth the two waxes by heating 
the slides and then allowing a small quantity of the wax to melt and run over 
the surface of the slide. After cooling, the shdes were examined under a micro¬ 
scope to get an idea of the surface structure and then their contact angles against 
■water were determined by placing a drop of water on the slide and tilting until 
the drop was on the point of moving. A photograph was then taken and after 
suitable enlargement the contact angles could be readily measured. The two 
surfaces in this state were extremely rough, due to the contraction of the waxes 
on solidification, the effect being much greater for the spermaceti. Flat surfaces 
of the two waxes were then prepared by compressing a slab of wax against a 
piece of plate glass for a long period. On detaching, the wax had an extremely 
fiat finish and showed excellent reffccting properties. Contact angles for the two 
waxes were then measured and are compared with the values for the rough 
surfaces in the table below. 



Paraffin Wax 

Spermaceti 


Advancing 

Receding 

Advancing 

Receding 

Rough surface 

IIO^* 

89® 

118^ 

89" 

Smooth surface 

97“ 

89® 

83° 

37" 


The values show the extreme importance of surface structure and enable the 
values of/i and /2 to be calculated, {/^ is the area of solid-water interface and 


® International Critical Tables, 

• Summer, Wetting and Detergency (Harvey, 1937), P* 41 * 

Adam, Physics and Chemistry of Surfaces, 3rd ed. (Oxford), p. 186. 
Ablett, Phil, Mag,, 1923, 46, 244. 
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/a is the axea of water-air interfaice per unit geometrical area of the rough solid- 
water interface.!) The result is for paraffin wax, fi — 2-57 and /a = 0-028, 
and for spermaceti, = 0-720 and /a = 0-556, whereas for the flat surface 

= i-o and /a is zero. In the case of paraffin wax, it is seen that little air is 
trapped between the drop and the surface and so in this case Wenzel’s equation 
would apply.) For the spermaceti, however, the value of /a is quite considerable 
and the trapped air can be clearly seen by the internal reflection taking place 
from the lower surface of the drop. 

It is clear from the above measurements tliat difference in surface structure 
can easily explain the discrepancies that occur in the literature for contact angle 
measurements of paraffin wax. The results also indicate that many contact 
angle measurements have little fundamental value. 

Prof. N. K. Adam {Southampton) said: One cause of low receding angles, 
and therefore of hysteresis, is soaking of the liquid into the solid to an appreciable 
depth. A gradual decrease in the contact angle, as the time of contact with 
liquid increases, is very common, and is probably due to some such penetration. 
I find it difficult to believe that roughness alone is the principal cause of hysteresis ; 
hysteresis occurs on polished or varnished surfaces, and I have observed at least 
60° hysteresis on varnished surfaces. 1 doubt if these are much " rougher ” than 
liquid surfaces. 

Dr. D. J. Crisp (Cambridge) said: Dr. Cassie’s suggested mechanism to explain 
the diflerence between the advancing and receding angle of contact of a drop 
on a plane surface is based essentially on the assumption that the only accessible 
state of aggregation of molecules adsorbed from the vapour is a cluster at a single 
localised site, while diflerent states of aggregation are accessible to the surface 
left by the retreating liquid. 

The true equilibrium state should include the possibility of every kind of 
molecular arrangement, whether in large or small clusters, and all these states 
should be included in deriving an expression for the entropy of the adsorbed 
molecules. If this were done, there would be in general only one value for the 
adsorption and only a single distribution of molecular aggregates representing 
the equilibrium state. Hence it follows that either the surface over which the 
drop advances, or the surface at the rear of the drop, or both, are not in complete 
equilibrium with the vapour. 

If we accept that the diflerence in contact angle is due, not to a change in 
the solid-liquid interface, but to a change in the solid-vapour interface, it is 
possible to show that the dis-equilibrium of one of the surfaces will be accom¬ 
panied by a diflerence of vapour pressure of the adsorbent in the regions immedi¬ 
ately preceding and succeeding the moving drop. It appears to be impossible to 
have two surface states of adsorbent with identical vapour pressures but diflerent 
surface energies, as is required by Cassic’s treatment. 

Applying the Neumann triangle of forces and employing superscripts to denote 
advancing and receding edges and subscripts to denote solid, liquid and vapour 
(air) interfaces:— 

+ yL cos 0 ^ - yt = ysL + cos 0 » - yj . . (I) 

Since yA = yi — y^A, and by hypothesis, y^ = y®, 

y^ (cos 0» - cos 0^) = yi - yA . . • . (2) 

The Gibbs adsorption equation is now applied to any small difference between 
yi^ and yA thus : 

- dye^ = rA\h + • • • (3) 

By suitable definition jT* o, and since d|Jt.^ = o (air) 

-dya, = r.dix^==r,.l«rdlogA* ... (4) 

It follows from (2) and (4) that if adsorption is positive the vapour pressure of the 
adsorbate at the rear of the moving drop is less than at the front; if adsorption 
is negative, as might occur on a hydrophobic surface, the vapour pressure is 
raised behind the &op. In either case, a process of distillation would be possible 
to complete the thermodynamic cycle and recover the work, 

yi^(cos 0* — cos 0^). 
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If adsorption is very high, eqn. (4) indicates that a relatively large change in 
y, and therefore in contact angle, would be possible with a small degree of dis¬ 
equilibrium in vapour pressures. 

The application of the phase rule to an adsorbing surface “ also predicts, in 
general, only one adsorbed phase in equilibrium with the vapour, except at a 
singular pressure or temperature where two phases co-cxist. In such a case, 
however, although the amount adsorbed in the two phases is diheront (jTi 4= jT*) 
the vapour pressures and interfacial tension are identical (d(x dy — o) 

It is important to note that no thermodynamic difiicultics arc involved in 
Shuttleworth and Bailey*s explanation 1* since the real contact angle is con¬ 
sidered to be the same on either side of the drop, the observed angle being 
spurious. 


Dr. A.B, D. Cassie [Leeds) said : In reply to Dr. Crisp, clusters of all sizes 
are taken into account for both the advancing and receding surfaces, but their 
distributions are different because the potential energy of the molecules is 
difterent in the two cases : in fact, states which are accessible to molecules in 
the receding surface are inaccessible to those adsorbed on the dry surface. 
Experimental adsorption hysteresis shows that this must be true. This hysteresis 
also shows that difterent amounts of water—^whether or not as distinct phases^— 
can be adsorbed at one vapour pressure. These experimental data can only 
be reconciled with the ordinary surface relations given by Dr. Crisp if one pursues 
the conception of a heterogeneous surface to the limit of molecular dimensions. 
This is what I have attempted to do, and I assume, as do Shuttleworth and Bailey, 
that the ** real ” contact angle with the dry surface is the same on either side 
of the drop ; the irregularities on my surface—the clusters—arc, however, 
difterent on the two sides of the drop. 


Mr. R. Shuttleworth [BrisioT) said : It appears that further progress in the 
understanding of contact angle hysteresis must await experiments planned to 
distinguish between the various theories. Hysteresis is in some cases caused 
by the initial presence of foreign adsorbed molecules ; and perhaps the hysteresis 
when spreading occurs on liquid mercury, as noted by Dr. Kemball, is of this 
nature, 

I am not, however, convinced by Dr. Cassie’s arguments which seek to explain 
hysteresis by adsorption on the solid of molecules from the liquid. On a smooth 
surface the contact angle is given by Dr. Cassie (eqn. (2)) in which is the only 
quantity affected by adsorption ; is less than the surface energy of the clean 
sohd by an amount nF where F is the mean free energy of adsoiption per liquid 
molecule and n is the number of adsorbed molecules per unit area. The contact 
angle increases with increase of nF, Dr. Cassie suggests that at an arbitrary 
temperature two different configurations of adsorbed molecules can exist in 
eqi^brium on different portions of the solid, each with exactly the same value 
of F. This seems implausible ; I feel there must be a single configuration which 
has an absolute minim um of free energy of depth F^, and that Dr. Cassio’s two 
identical values are not real but arise from the crudity of the assumptions he 
makes in his numerical argument. 

It is perhaps possible that a more refined argument would show that there 
^e two unequal minima of depths F^ and F ^; and that at an arbitrary tempera- 
ture there can exist two different configurations of adsorbed molecules, in stable 
and metastable equilibrium. If the first configuration occurred on the solid 
TOiore the advancing liquid and the second configuration on the solid uncovered 
by the receding liquid, in order to explain hysteresis it would be necessary 
to show that n^F{>nJF^ (advancing greater than receding contact angle). 
It is to be expected that it is the second configuration, which arises from* 
rec^sion, that is metastable {F{>F^. However, it is also probable that 
wi<wa, that IS, there is adsoiption hysteresis. Although contact-angle 
hysteresis always occurs, there seems no obvious reason why, for the mctastable 
configuration, the greater value of should always be more than compensated 
by the smaller value of F*. In a complete treatment it would also be ^cessary 


23 


(Bordeaux M^ug. r<,47) 
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to show that the spontaneous change from the mctastable to the stable 
configuration is a process taking a number of hours. 

Dr. A. B. D, Gassie (J^eeds) said: In reply to Mr. Shuttleworth, although the 
theory is semi-quantitative, the experimental fact of adsorption hysteresis 
shows that at least two configurations must give one minimum or two close 
minima of free energy. Any theory, however crude or exact, must give this 
result. 

Dr, C. Kemball (Cambridge) said : I should like to suggest that it is possible 
to have a multimolecular layer in the form of a continuous film which would have 
a finite contact angle with the parent liquid. This suggestion is contrary to 
one of the conclusions of Cassie^s paper. Dr. Cassie has indicated that he 
believes the diflerence between the surface film in contact with the saturated 
vapour and the three-dimensional liquid is only one of distribution of the adsorbed 
material—^there being isolated patches of liquid on the surface as postulated by 
the B.E.T. theory. I suggest that the nature of the multimolecular film may be 
entirely different from the three-dimensional liquid—^the outer layer being, in 
many cases, continuous and either gaseous or of a liquid character but not 
identical wdth the bulk liquid. There are undoubtedly systems where a 
continuous second, and possibly a third and fourth, layer will form on a uniform 
surface at vapour pressures less than the saturation pressure. If the heat of 
adsorption of the vapour to this second layer is greater than the heat of 
condensation and the loss of entropy no greater, there will be the necessary 
decrease in free energy for the second layer to form. However, this outer layer 
may well be gaseous, which would mean that the work of adhesion of the liquid 
to it wdll be less than the cohesion of the liquid. This would give a finite contact 
angle in the presence of a continuous multilayer. In other cases the outer 
layer might have a liquid nature and yet not be identical with the three-dimen¬ 
sional liquid—again giving rise to a finite contact angle. 

Dr. W. Hirst (AldermastovC) (communicated) : Dr. Cassie regards adsorption 
as taking place on a number of localised sites sufficiently separated to allow 
distinct molecular clusters to be adsorbed at each site. This t^e of adsorption 
caimot be general, for experimental evidence often opposes such an explanation. 
Bangham,^* Gregg and, later, Harkins and Jura^® have directed attention 
to the fact that if molecules adsorbed on solid surfaces are treated as possessing 
lateral mobility, there is a strong resemblance between the equations of state 
which then result and the equations of state of films adsorbed on liquid surfaces. 
Secondly, if the adsorbed molecules are mobile the underlying solid will be 
stretched. Maggs has measured this stretching for a charcoal-methanol 
system and he also measured the mechanical properties of the charcoal. He 
was able to show that the stretching force was approximately equal to that 
which would be exerted by a film wdth a spreading force equal to the surface 
free energy lowering. The result almost certainly rules out the possibility 
that the dimensional changes on adsorption of the film arose merely from a 
rearrangement of the intermolecular forces within the adsorbent; the evidence 
strongly supports the hypothesis that the films were mobile. Finally, Hill i® has 
shown theoretically that, for the adsorption of common vapours at room 
temperature, mobility may be expected to be the rule rather than the exception. 

Harkins and Jura have observed a first-order transition in the low-pressure 
region of the adsorption isotherm of heptane on ferric oxide, and in other 
adsorption isotherms. This kind of transition occurs only when there exists 
an appreciable energy of interaction between adjacent adsorbed molecules. 
In this system therefore, if localised sites exist, they are close together. 

It is clearly a limitation of the derivation of the B.E.T. equation by statistical 
mechanics that adsorption on localised sites is postulated and that the contra¬ 
dictory hypothesis has then to be made that the partition function of a 

Bangham and Fakhouiy, Chem, Soc., 1931, 1324. 

1® Gregg* /. Chem, Sac,, 1942, 696. 

1 ® HarJdns and Jura, /. Amer, Chem. Sew?,, 1946, 68, 1941. 

Maggs, Trane. Faraday Soc., 1946, 42B, 284. 

/. Ch&m. Physics, 1946, *4, 441. 
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molecule in the second and higher layers is identical with that of a molecule 
in the bulk liquid. Furthermore, the postulate that the interaction energy 
between an adsorbed molecule and the molecule immediately above it is equal 
to Ej. is artificial; for cubic packing a more appropriate value would be E1./3, 
or Ei/ 2 for hexagonal close packing. The heat of adsorption would only rise 
to the latent heat of the liquid when the number of horizontal neighbours 
sufficed to provide the necessary interaction energy. This observation suggests 
that the B.E.T. equation would predict too great an amount adsorbed- which 
at high vapour pressures it often does; the peculiar feature is that, at lairly 
low pressures whilst the second layer is filling, the assumption in the B.E.T. 
theory that the heat of adsorption is equal or nearly equal to the latent heat of 
the bulk liquid does, in fact, often yield an adsorption isotherm in good agree¬ 
ment with experiment. A question requiring answer is therefore—^why does 
the use of E1./3 (or EJ2) instead of lead to worse agreement with experiment 
in the low-pressure region of the isotherm ? 

It is possible that the assumption that the values of the partition function 
Yj, and the potential energy term Ej. are the same as for a molecule in the bulk 
liquid may lead to serious error. The writer wishes to emphasise that detailed 
molecular pictures such as Dr. Cassie (having at his disposal a wealth of other 
experimental evidence) has drawn for the adsorption of water by keratin, should 
not be drawn for other systems without similar supporting experimental evidence. 

Dr, A. B. D. Gassie {Leeds) {communicated) : In reply to Dr. W. Hirst, there 
are no fundamental differences between a B.E.T. isotherm derived by statistical 
mechanics and one derived from evaporation-condensation arguments; both 
postulate localised sites, but statistical mechanics has shown how multimolecular 
isotherms can arise with mobile monolayers.^® ®® 

There appears to be a great desire to abandon the hypothesis of localised 
adsorption, and doubticss many phenomena, such as spreading pressures, can 
be more easily visualised with mobile monolayers, but it should not be forgotten 
that localised monolayers exhibit very simUar spreading pressures.*^ On the 
other hand, there are two elementary empirical phenomena associated with many 
forms of adsorption which have not been reconciled with the prdperties of a 
mobile monolayer. The two phenomena are that many examples of adsorption 
do give measurable vapour pressures when adsorbed largely as a monolayer, 
and they also show a l^ge heat of wetting for the dry adsorbent; differential 
heats of wetting of around 3000 cal./mole are quite common. If this amount 
of heat is evolved, the vapour pressure, p, in equilibrium with the adsorbate 
must be given by an expression of the form : 

Po ja, 

where p^ is the saturation vapour pressure of the adsorbate, /t. is the liquid 
partition function of its molecules, is its adsorbed partition function, and 
(0 is the differential heat of wetting, in this example 3000 cal./mole. The order 
of magnitude of p is given by this relation for any adsorption, be it multimole¬ 
cular, monomolecular, localised or mobile. At 300® k., the equation shows that 
p 6 X 10*^ ^0 unless is less than ; or the observed vapour pressure will 
be negligible unless is less than As we know that the vapour pressures 
of adsorbates are comparable witii their saturation vapour pressures, there 
seems to be no escape from the conclusion that is very much less titian y^,. 
But if we postulate a mobile monolayer, must be greater than y^, and only by 
assuming strong localisation for the monolayer can j^, become much less than 
j^. This is the argument that has led me to conclude that adsorption isotherms 
which are associated with large heats of wetting must be localised so far as the 
monolayer is concerned; in fact, the localisation must be so strong as almost 
to constitute a chemical bond. There are, of course, examples where a heat 
of wetting is absorbed, and a mobile monolayer is then possible,^ but such 
examples are rare amongst published data. 

1® Cassie, Trans, Faraday Soc., 1945, 41, 456. 

*® Hill, J. Chem. Physics, 1947, *5* 7^7. 

Fowler and Guggenheim, Statistical Thermodynamics (Cambridge, 1939), p. 443, 
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Dr. D. H. Bangham (B.C. UM.A., London) said : In view of the large number 
of papers written on the subject of adsorbed water it is astonishing how little 
experimental work is directed towards ascertaining its properties. Most writers 
are content with being able to give a scll-consistent account of a very small 
range of facts of which more than one explanation is possible. There arc, 
however, awaiting solution a number of technical problems which turn upon 
the behaviour of these films, and it is important that their nature should not 
remain merely a matter of conjecture. 

One example is that of the mutual adhesiveness—or stickiness—of dust 
particles in a gas stream that contains water vapour. Although at all but very 
low relative humidities each dust particle is enveloped by a film of water molecules, 
it is certain that the particles do not behave like water droplets. The common- 
sense solution—adopted by engineers—^is that dusts (even hydrophilic ones) 
are non-adhesive as long as the gas is kept above the dewpoint. This state 
of affairs fitted in very well with Langmuir’s no-longer-tenable conception 
of a single chemisorbed water monolayer. It is difficult to harmonise -svith the 
now-established fact that near saturation the layers are multimolccular and 
mobile unless we agree that the film constitutes a phase with distinctive 
properties different from those of the bulk liquid. 

I agree with Dr. Cassie in suggesting that the diflerence is one of entropy 
(or configuration) rather than of energy. I believe there are a number of cases 
where the curve of adsorption against relative humidity is nearly temperature- 
independent near saturation, and this implies an adsorption energy very close 
to the normal latent heat. Moreover, by exposing clean surfaces (such as freshly 
split mica) to supersaturated vapour one can build up the adsorbed films to 
visible thickness and still demonstrate their non-identity with the bulk liquid, 
drops of which refuse to spread on the film. I do not agree with Dr. Cassie 
that the configurational difference can lie in the formation of immobile clusters, 
because the experiment shows that the visible film exerts a lateral pressure, 
often sufficient to drive the drop away. 

It is important to recognise that these relatively thick films, even on dust 
particles, do not necessarily provide nuclei of condensation of normal liquid 
water. 

Dr. W. W. Barkas {Princes Risborough) said: Since this section of the 
Discussion is concerned with the fundamental aspects of the subject I should 
like to make a few observations on some of the points raised in the preliminary 
papers where, it seems to me, very simple fundamental considerations may 
not have been kept sufficiently in mind. 

SuRFACB Tension. — ^A surface is a geometrical abstraction and not a physical 
reality. Thu.s, on a molecular scale, the surface of a liquid is a transition region 
between the bulk liquid and its vapour. Thermodynamic deductions apply to 
homogeneous phases and are valid only on a much larger scale where molecular 
dimensions are negligible. 

Surface tension arises from asymmetry in the cohesive forces of a liquid at 
points close to its boundary and it involves a transition layer of appreciable but 
indefinite thickness between the liquid and its vapour. Thus surface tension is 
expressed as dynes/cm. instead of, like any other stress, as dynes/cm.*, because 
we know the ar^, but not the volume of the surface layer or how the energy is 
distributed within it. When Prof. Adam discusses the possible change of surface 
tension of liquid in a tube which is small compared to the range of molecular 
forces, he is dealing with a case where the thickness of the transition region 
and the amplitude of thermal agitation are large compared with the diameter 
of the tube. The term “ surface tension,” therefore, ceases to have any real 
meaning, since the surface cannot be defined on the scale of accuracy required 
by the problem. 

The Kelvin equation, used in calculating the curvatures of a meniscus from 
the vapour pressure, is similarly limited in application to large capillary spaces. 
One cannot build^ a meniscus out of only a few molecules, nor can one surround 
'^em^ with a cylindrical tube of definite radius. Thus, on a scale where the 
Kelvin equation is applicable, the question of whether or not to allow for the 
thickness of the adsorbed layers becomes irrelevant since the thickness of a layer 
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of two or possibly even ten molecules on the walls of the capillary would be 
quite negligible. 

In the calculation of the distribution of capillary radii the Kelvin equation 
can be misleading, even where the capillaries are reasonably large, unless the 
voids in the solid form a system of orderly circular tubes, and this for two 
reasons. Firstly, the volume occupied by the meniscus itself will not, in general, 
be of a simple geometric shape and the amount of water removed, following a 
small drop in vapour pressure A, will depend on the change in this shape as well 
as on the change in cross-section of the capillary. Secondly, where very many 
short capillary spaces are involved, instead of a few long ones, the error due to 
neglecting the total volume of the menisci may become large and cannot be 
deter mine d. For a circular capillary, this error is equivalent to a tube length 
of Iy at each meniscus, so it is evident that the error will be appreciable when the 
length of each capillary is small enough to be comparable with the radius. 

Swelling. —If the capillary is reasonably large the liquid water held under a 
concave meniscus is under hydrostatic tension (hence the reduced vapour 
pressure). There is thus no possibility of liquid water causing a separation of 
molecular layers by “ forcing its way ” between them. The swelling resulting 
from the adsorption of moisture by the solid phase must be a molecular 
phenomenon and is not concerned with surface tension of the liquid. It is true 
that an increase in the adsorption of capillary water, if accompanied by a rise 
in vapour pressure, may cause an increase in the external dimensions of a porous 
solid, since the hydrostatic tension in the water decreases with increased vapour 
pressure. This may be looked upon as a “ swelling ** but it is, I think, better 
described as a volume increase due to the release of capillary stresses, because if 
the increase in capillary sorption occurred at a constant vapour pressure it would 
cause a further shrinl^e due to the increased area over which the constant 
tension would be acting. 

Mr. K. J. Nleuwenhuis {Delft) {communicated) : Dr. Barkas* criticized Prof. 
Adamh considerations about the surface tension of a liquid in a capillary, which 
is so narrow that the range of attraction of the walls esftends even to the middle 
of the capillary (Fig. 2 of Prof. Adam’s paper). Dr. Barkas felt that the number 
of molecules in the surface layers of the liquid within such a capillary is too 
small so that a statistical calculation of a mean value of the excess free energy 
of the liquid in the surface layers over the free energy of the liquid in bulk would 
not be possible. 

However, it should be borne in mind that statistical mean values can be 
calculated, either by considering the (large number of) molecules present in a 
large surface area at one single moment; or by considering the (likewise large 
number of) molecules entering into a rather small surface area and disappearing 
again from it during a certain lapse of time. 

Therefore it is not impossible to speak about the surface tension of a liquid 
within such a very narrow capillary, providing that the “ time of observation ” 
of the liquid surface is long enough with regard to molecular events (which can 
still appear to be very small to human experience). The narrower the capillary 
is, the longer the period will be over which the excess potential energy of the 
molecules in the surface layers and the probability of their arrangement, i.e. the 
free energy of the surface layers of the liquid, should be averaged. 

Moreover, in general, the downward attraction of the solid walls below the 
level XY of the surface molecule A (again Fig. 2 of Prof. Adam’s paper), and the 
upward attraction of the walls above XY will not cancel each other in a vertical 
direction. The forces of attraction can be van der Waals*—^London (dispersion) 
forces, and also electrical forces, arising from the interaction between ions and 
dipoles of the substances involved. These two types of forces of attraction are 
the smaller, the higher the dielectric constant of the medium through which 
they are working. The dielectric constant of any liquid is greater than that of 
its vapour and also than that of air ; in general, it is greatest with substances of a 
highly polar nature. For instance in the formulae for the van der Waals*—^London 
i(dispersion) forces the dielectric constant for liquid water has a value of about 2 ; 


* This Discussion, p. 105. 
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as far as electric (polar) forces are concerned, the dielectric constant of liquid 
water has a value between 5 and 80, depending on the distance over which these 
forces are working. 

This means that with any liquid the downward attraction of the solid walls 
below the level XY of the surface molecule A is smaller than the upward attrac¬ 
tion of the walls above XY, so that the decrease in surface tension caused by the 
bore of the capillary being very small, is still greater than would be expected 
from the considerations in Prof. Adam’s paper. 

That part of the decrease in surface tension in a very narrow capillary which 
was mentioned by Prof. Adam will be appreciable, when the radius of the 
capillary is smaller than the “ radius of the sphere of attraction of one liquid 
molecule towards other liquid molecules. I'his second cause of a decrease of 
the surface tension is appreciable when the radius of the capillary is smaller 
than the radius of the “ sphere of attraction via vapour (or air) ” of a molecule 
in the capillary wall above the surface of the liquid, towards the liquid molecules 
(which is the same as the radius of the “ sphere of attraction vta vapour (or air) ” 
of a liquid molecule towards molecules of the solid which builds the material 
of the capillary walls). 

Another case, which can be dealt with, is the surface tension of a liquid layer 
spread over the walls of a very narrow capillary. If the capillary is long 
compared with molecular dimensions, we then do not have to average over a 
certain lapse of time, but wo can simply consider all the molecules present in the 
surface layers at one moment, and average over the rather large surface area 
considered. If the diameter of the space not occupied by liquid within the 
capillary is smaller than the ** radius of the sphere of attraction of one liquid 
molecule towards other liquid molecules via the gas or vapour phase," the surface 
tension of the liquid film must be smaller than that of a liquid film of the same 
thickness in a wider capillary. 

However, this does not necessarily mean that spreading of the liquid over the 
walls of a very narrow capillary will occur more readily than in a wider capillary, 
because it would be accompanied by a greater decrease in free energy (per unit 
surface area of the walls), and therefore would take place more rapidly. In 
a very narrow capillary, opposite sides of the walls can also be attracting each 
other before the liquid is introduced, so that the free surface energy of the solid 
can be smaller in such a very narrow capillary than in a wider one. 

No general answer is possible to the question, whether spreading of a liquid 
over the walls is favoured by a very small bore of the capillary. Only 
quantitative or semi-quantitative calculations, based on the actual dimensions 
of the capillary and on the specific properties of the substances constituting the 
li<]^d and the solid, can give the answer in each single case. 

^e same applies to the influence of a very small bore of a capillary on the 
penetration pressure, pi. For a cylindrical capillary without constrictions 
we can write: 

, 2yj, cos 0^ . 

p* = —* .(«) 

where the influence on 6^ of a very small diameter of a capillary is not exactly 
known. 

Eqn. (a) is equivalent to: 

.... ( 6 ) 

where free surface energy per unit surface area of the solid (walls of the 

capillary), and 

= free interfacial energy per unit interfacial area at the interface 
liquid-solid. 

^n. (&) merely states that the penetration pressure is proportional to the decrease 
in free energy of^ the system capillary -j- lijjuid, occurring when liquid pene¬ 
trates into the capillary. Detailed considerations show, that in some cases this 
decrease can be greater in a very narrow capillary than in a wider one (in both 
cases taken per unit surface area of the capillary walls, of course); but in other 
cases the reverse will be true. However, the direct effect on the penetration 
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pressure of a very small radius of a capillary is much greater, as the radius itself 
occurs in the denominator of {a) and (&). 

It should be remarked, that the general principle underlying cqn, (b) is also 
valid, when spreading of the liquid over the capillary walls takes place with 
greater speed than penetration by filling of the capillary, so that liquid penetrates 
into a capillary the walls of which have already been wetted. If the capillary 
is wide and the liquid in the middle of the capillary can be considered to be 
identical with ordinary liquid in bulk, the decrease in free energy occurring when 
the capillary is filled with liquid, is determined only by the free surface energy 
(surface tension) of the originally present liquid film. The labt-mentioned 
surface tension is smaller in the case of a very narrow capillary. 

However, with a very narrow capillary the number of liquid molecules going 
into the interfacial layers of the liquid is smaller, if the interfacial layers of the 
liquid, extending from the walls of the capillary, are overlapping, so that there 
is no bulk liquid present in the middle of the capillary filled with liquid. Then, 
in going into the capillary, fewer liquid molecules have to be separated from 
part of their neighbours in the bulk state. The consequence of this would be a 
greater decrease in free energy occurring in filling an already wetted capillary 
with liquid, if the bore of the capillary is very sm^. 

Moreover, there is also possible a further decrease in the mutual attraction of 
the solid molecules on opposite sides of the capillary, caused by filling the 
capillary completely with liquid. This again would mean an increase in free 
energy of the system, which does not occur in a wider capillary. 

B^ause of these opposite effects present when the bore of a capillary is very 
small, it cannot be said with certainty whether the decrease in free energy (per 
unit surface area of the wetted capillary walls) is smaller or greater with a very 
narrow than with a wider capillary in the case where liquid penetrates into narrow 
and the wide capillary the already wetted capillaries even when the liquid films 
on the walls of the capillaries have same thickness. (If this last condition does 
not obtain, the attracting forces between liquid and solid molecules also come 
into the picture.) Only quantitative or semi-quantitative calculations based 
on the actual dimensions of the capillary, and on the specific properties of the 
compounds constituting the liquid and Ihe solid can give the answer. 

Dr. W. W. Barkas {Princes Risborough) {communicated) : In reply to Dr. 
Nieuwenhuis, I was not disputing the reahty of ** the mean value of the excess 
free energy of the liquid in the surface layers over the free energy of the liquid 
in bulk.” On the contrary, in any arbitrary volume in the surface region of 
Prof. Adam’s fine capillary, an energy difference must exist and might be 
calculable on a statistical time basis as he suggests. My plea was that the term 
“ surface layers ” is undefined—how many layers, or wlmt volume, is required 
to consti^te a surface ? We might take too thin a layer and obtain a large 
energy difference since only the most "abnormal” molecules were included, 
or too thick a layer and find a small difierence since too large a number of 
" normal ” molecules were included. 

Later in his communication Dr, Nieuwenhuis in connection with "a very 
small bore of a capillary,” mentions " the decrease in free energy per unit surface 
area of the wetted capillary walls.” If the capillary is of near molecular 
dimensions, we must decide what " surface ” we are to take through a ring of 
thermally agitated molecules before we can determine the free energy per unit 
surface area. Arbitrary decisions could lead to enormous differences in the 
calculated surface area of a capillary of near molecular dimensions. In this 
problem too, how many layers of molecules are to be included in the estimate 
of the decrease in free energy ? 

Dr. R. K. SchojGleld {Harpenden) said : Desorption curves obtained originally 
by van Benmelen, and subsequently by Foster and other investigators using 
systems having pores somewhat smaller than those of the ferric oxide gel of 
Foster’s Fig. i frequently exhibit a large loss of sorbate for a very small fall 
in vapour pressure. It has occurred to me that in these cases the TTtflin controlling 
factor is file tensile strength of the liquid. The cohesion in liquids is several 
thousand atmospheres and so is of the right order of magnitude. The absence 
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of hysteresis in gels with stiU smaller pores may perhaps be attributed to the 
limited tensile strength of liquids. 

Dr. A. G. Foster (Englefield Greeo) said: Prof. Adam's suggestion that y 
is lower in a narrow capillary would make the radii, calculated by the Kelvin 
equation using the normal value of y, too high. I think there is probably an 
increase in V (the molecular volume) in smallporcs, where the liquid is under tension, 
which may compensate for the decrease in y and possibly maintain the product 
Fy, which enters into the Kelvin equation, at approximately its normal value. 

Dr, Cassie points out that the statistical interpretation of multimolecular 
adsorption leads to the idea of clusters. There is, however, no reason why the 
first layer should not bo continuous. Capillary condensation leads to a decrease 
in free energy only when the surface is already covered with an adsorbed layer.*® 
If parts are covered and parts bare, there may no longer be a net decrease in 
free energy when a pore is filled. Present theories of multilayer adsorption being 
derived for plane surfaces cannot be expected to hold without modification 
for porous solids since they fail to consider the curvature of the surface, which 
increases with increasing thickness of the absorbed layer. I have pointed out 
elsewhere ** two factors which tend to assist adsorption beyond the first layer 
on a curved surface ; (i) the potential does not fall oil so rapidly with distance, 
and (2) the “ cylindrical meniscus effect" produces a lowering of free energy 
which is approximately half that due to capillary condensation in a pore of the 
same size. This idea has subsequently been applied to my own theory of 
sorption hysteresis ** by Cohan who points out that once a second layer forms 
by this mechanism, the pore will automatically fill completely. If the average 
size of the clusters required by statistical theory is about 5, this would provide 
an alternative mechanism for blocking small pores and initiating capillary 
condensation. The magnitude of the free-energy decrease associated with the 
cylindrical meniscus effect is 200-500 cal./mole, which is about the same as 
that due to the configurational entropy. Dr. Cassie's conclusion that the 
receding contact angle will not have a unique value seems to me to provide an 
additional argument against Zsigmondy's explanation of sorption hysteresis 
in terms of hysteresis of the contact angle, since the experimental facts are [a) 
the descending branch of the hysteresis loop is quite reproducible and (&) at 
corresponding volumes the radii calculated from ascending and descending 
curves are in no way related. Messrs. Bond, Grifi&ths and Maggs quote me 
as sa3fing that no sign of condensation could be detected with water on silica 
gel. It is true that no visible condensation of liquid water on the gel was 
observed in this particular apparatus, but in other types of apparatus I have 
observed condensation of liquid water on the gel. In contrast with the behaviour 
of charcoal under similar conditions the gel is wetted by the water. The authors 
also quote my observation that water adsorbed on silica gel shows no evidence 
of fizzing even at —65'^ c. but fail to mention my observation of a definite 
lowering of f.pt, of dioxan adsorbed on ferric oxide gel. My own inteipretation 
of this work was that the lowering of f.pt. was inversely proportional to the 
pore radius of the gel and was therefore much larger on silica than on ferric oxide. 
I certainly still regard the water-silica gel system as an example of capillary 
condensation but would agree that the behaviour of water on cosds and charcoal 
caimot be interpreted in this maimer. Sigmoid isothermals are obtained with 
water on charcoals which give Langmuir curves with organic liquids. Since 
the unimolecular adsorption accounts for the whole uptake of the latter, the pore 
radius of these charcoals must be of the order 5-10A, so that it is not surprising 
that the adsorbed phase differs from ordinary three-dimensional liquid. The 
real difficulty is to explain why water gives an isothermal so different in shape 
from the normal Langmuir tjrpe. The fact that the curves are convex to the 
p axis even at low pressures could be accounted for by the B.E.T. theory if 
the heat of sorption were zero,** but the flattening out otplpo 0*5 resembles 

** Polaa3d, Trans, Faraday 5 oc., 1932, 38, 325. 

*« Froc. Roy, Soc, A, 1934, * 47 » I 37 « 

** Trains, Faraday Soc,, 1932, 28, 645. 

** /. Amer. Chem, Soc,, 1938. 60, 433. 

*« Broad and Foster, /. Chem, Soc., 1945, 372. 
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the critical condensation phenomena j&rst discussed by Fowler,*’ examples of 
which have recently been described by Harkins et a/.,*® but at much lower relative 
pressures. 


Dr. S, J. Gregg {Exeter) said: Foster assumes that the adsorbed film is 
completely wetted by the liquid adsorbate, and puts 0 = o in the full Kelvin 
equation = po exp (— 2Fy cos ^jrRT), Experimental evidence shows however 
that this assumption is frequently not justified : recent careful investigations 
by several workers (including Foster himself) show that the adsorption 
isotherm both on porous and on non-porous adsorbents, often intersccis the 
line p =po at s. definite angle, giving a strictly limited uptake at po and signifying 
that 0> o; if the contact angle were zero the isotherm would, of course, approach 
Po as3miptotically. Thus, even when, according to the capillary condensation 
theory, the pores are completely filled with liquid, the latter gives a finite 
contact angle with the bulk liquid and so cannot be identical in structure with 
the bulk liquid. The point at issue would appear to be : is the difference between 
the adsorbed film and the bulk liquid a minor one which can be allowed for by 
regarding the film as a slightly modified liquid with somewhat different surface 
tension and density, as Foster implies; or, is it so great that it is no longer useful 
to discuss the film in terms of a bulk liquid model ? 

There is much to be said for this latter view. In the first place (as I pointed 
out some time ago and as speakers at this Discussion have emphasised) it is 
dfficult to assign a meaning to surface tension in a meniscus with a breadth of 
half a dozen or so molecules. This point has been made in another way by 
Guggenheim who shows that interfacial or surface tension becomes inde¬ 
terminate unless the thickness of the layer is small compared with itwS radii of 
curvature ; he shows that in practice this means that in measurements of inter- 
facial tension the results become independent of the capillary radius only when 
this exceeds some 500 a. 

In the second place, an alternative interpretation of isotherms with a hysteresis 
loop (B.E.T., Type is possible : an examination of tcA — ttU curves and 
of the plot ** of against ttZ suggests that the loop corresponds to a trans¬ 
formation (probably of diffuse first-order) within a monolayer consisting either 
of single or of associated molecules (ir == surface pressure of film; A = area 
occupied per adsorbed molecule ; S = internal area of adsorbent; p = '* two- 
dimensional compressibility of film). Actually, these isotherms show a 
second turn-away from the p-axis at pressures close to po ; and it is possible 
that this, and not the hysteresis loop, corresponds to the process whereby the 
adsorbed layer thickens until it fills the whole cross-section of the pore. Even 
then it would not be true liquid, as shown by the existence of the finite contact 
angle. 

Mr. R. L. Bond {B,C,U.R A., London) said : Several speaJeers have described 
methods of determining the pore-size distribution of materials having pores 
considerably greater than molecular size. Since the Kelvin equation cannot 
be reasonably applied to the determination of the sizo of pores in the molecular- 
size range it may be useful to mention a method we have used to study the pore- 
size distribution of a finely ground coal char, which is a material known to have 
pore constrictions of molecular size. By determining the heat of wetting of the 
char in a number of organic wetting liquids of varying molecular size, it has 
been found that the heat of wetting varied with molecular size in the manner 
sho-vm in the figure. We have been able to show that the heat liberated on 
wetting unit surface area of such a carbonaceous powder by any of the organic 
liquids used is approximately constant and independent of the nature of the 
wetting liquid. Hence, the variation of heat of wetting with molecular volume 
of the wetting liquid provides a means of estimating pore size distribution. Ijf 

Statistical Mechanics, 2nd. ed., p. 838. 

J. Chem, Physics, 1945, 13, 535; 1946, 14, 117. 

Gregg, 7. Physic, Chem., 1928, 3a, 619. 

Guggenheim, Trans, Faraday Soc,, 1940, 36, 407. 

Gregg, J, Chem, Soc„ 1942, 696. 

®* Gregg and Maggs, Trans. Faraday Soc., 1948, 44, 123. 
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the relationship between area wetted and heat of wetting is known (e.g. i cal. 
is liberated on lo m.*, as determined by Dr. Bangham for the wetting of charcoal 

by methanol) an area distribution 



curve may be obtained. The first 
differential of the curve of area 
wetted against molecular volume, 
plotted against molecular vol¬ 
ume, constitutes a pore-size 
distribution curve, similar to 
those described by Dr. Foster. 

Dr. W. W. Barkas [Prinoes 
Rishorough) said : Prof. RideaPs 
mention of the fringed micellar 
structure (applicable to cellulose 
and other natural fibres) raises 
the question of the meaning of 
internal surface in such materials 
If most of the sorption occurs, as 
it is believed, in the disordered or 
amorphous regions between the 
crystallites, where does the sur¬ 
face lie ? There are indeed 


Fig. I. —^Dependence of heat of wetting and area 
wetted on molecular volume of wetting liquid. 


separate points of attachment 
(the -OH groups in cellulose) on 
which water can adsorb and 


between which loose chains of 


water molecules can form, but these do not appear to constitute surfaces 
I suggest it is preferable, in these materials at any rate, to look on sorption as 
a tendency towards the formation of a true solution which is only prevented 
by the anchoring of the long-chain molecules in the crystalline regions. 


Equations derived to calculate the internal surfaces may, of course, be indis¬ 
criminately applied to the sorption isothermals of any hygroscopic material, 
such even as a sulphuric acid solution, but this does not mean that internal 
surfaces exist in all these cases. Such equations are most likely to be justified 
where the solid is porous and built up in the form of a rigid skeleton such as in 
charcoal. These materials show a much smaller swelling than do the natural 
fibres. 


Sorption Isothermals. —^There is one likely reason for the limited usefulness 
of equations to the sorption isothermal which is not usually allowed for. This 
is that, in a swelling hygroscopic material at any given moisture content, the 
vapour pressure rises under a compressive and falls under a tensile stress by an 
amount which can be calculated. If, therefore, the material is subject to internal 
stresses during natural soiption, the isothermal will not agree with any equation, 
however precise, which ignores their existence. In the fringed micella? it is 
difficult to see how such stresses can be avowied and their existence has been 
tacitly admitted by speakers who refer to water molecules “ forcing their way 
into the gel structure. 

Dr. Cassie and others have produced some interesting reasons for supposing 
that Brunauer is wrong in assuming that the energy of sorption of the subsequent 
layers of water is equal to that of the formation of liquid water, but a much 
simpler reason for supposing that such water is not free is that, if this were so, 
it wo^d fall out under gravity. Incidentally, equations such as the B.E.T. 
equation, which inteiq>rets the sorption isothermal entirely in terms of multilayer 
adsoi^tion up to high, vapour pressures, appear to be incompatible with the 
Kelvin equarion which uses surface tension in the calculation of capillary radii 
and surface areas down to relatively low vapour pressures. 

Lmted Sorption at Saturation.— Mention has been made in these Dis¬ 
cussions of cases where the adsorption isothermal meets the saturation vapour 
pressure line a-t a JMte angle instead of approaching it asymptotically. I 
suggest that the sensitivity of vapour pressure to stress may also help to explain 
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this phenomenon. Thus, if in Fig. i, OAB represents the stress-free swelling of 
a natural gel where the moisture content tends to an infinite value at the 
existence of natural restraints will mean that a higher vapour pressure will be 
needed to reach any given moisture content. Thus the calculated line of sorption 
under stress will lie along some such line as OA'B' which is now seen to cut the 
saturation line at a finite angle. The upper portion of this curve A'B' cannot 
be reahsed in practice owing to the limitations of water which cannot exist as a 
vapour at the higher vapour pressures. 

In the phenomenon of syneresis, the 
gel structure shrinks, so that if OAB 
were to represent the initial isothermal, 
the stress set up during shrinkage would 
change the isothermal to OA'B' and all 
the moisture above the point A' would 
condense at vapour pressure and 
appear as liquid water on the external 
surfaces, even though no capillary water 
were present in the gel itself. 

Whatever the cause of this limited 
soiption, I think it is well established 
experimentally and cannot be put down 
to the fact that the true saturated 
vapour pressure has not been reached. 

When air is present in the system the rate 
at which equihbrium sorption is attained 
may be indefinitely delayed, but many 
experiments have been done in the absence of any gas other than water vapour, 
and here the entire space is always at the same absolute vapour pressure under 
any conditions which are reasonably static. The only local variations are those 
due to temperature fluctuations and these will alter the relative but not the 
absolute vapour pressure. In a thermostat the limitations of temperature control 
are such that the vapour over a free liquid surface must at times be warmer than 
the adsorbing solid and hence ready to condense on it, even if at other times the 
vapour pressure is deficient, so that on balance a hygroscopic material in such a 
space should be able to reach its maximum moisture content. 

Hysteresis. —^Whatever the cause of soiption hysteresis, and there may be 
many, the fundamental property of the sorbing material is that it sufiers a work 
loss between adsorption and desorption and the amount of this loss can be calcu¬ 
lated from the sorption isothermal regardless of the mechanism by which it is 
produced. 

In defining hysteresis it is not, I think, sufficient to show that adsorption and 
desorption follow different paths as this is no more than an irreversible reaction. 
The hysteresis to be a definite property of a material must be reproducible on 
successive identical cycles of adsorption and desorption (Brunauer ®» makes the 
purely verbal mistake of using reversible ” for reproducible. The cycle cannot 
be reversed as this would mean a net gain of work in each cycle). 

Without going into a detailed discussion of the various models which have 
been proposed for showing hysteresis, it is sufficient to say that if all parts of 
the system (i.e. the gel, its restraints and the water) are truly elastic, then either 
the process must be reversible or, if the model at any stage springs apart altogether 
due to release of stresses, then an external mechanical force, in addition to that 
arising from vapour pressure changes, will be required to bring them together 
again for a repetition of the cycle. Such a process is therefore irreversible but not 
reproducible in terms of vapour pressure and moisture content changes only. 
As a social case, McBain’s “ inkbottle analogy is invalid in explaining 
hysteresis, as the water inside the wide bottle is unstable when put in tension 
by the meniscus in the narrow neck and a bubble of vapour will form in the 
bottle long before the vapour pressure has dropped sufficiently to empty the 
neck itself. This bubble will expand or collapse reversibly as the vapour pressure 
is lowered or raised. 

Brunauer, The Adsorption of Gases and Vapours^ Vol, i. (Oxford University Press, 
1944)* 
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As any work loss involves irreversible or inelastic changes, the shape of the 
hj^tcresis loop will depend on the way in which changes are made (including 
possibly time effects also) as well as on the limits of moisture content and vapour 
pressure between which the cycle is performed. Thus for reproducibility a 
method of experiment will need to be precisely formulated. If, for example, 
the desorption cycle is commenced after adsorbing, from O to at A' in Fig. 2, 
then the desorption curve must, of course, also start from A' as shown by the 

dotted line, but if the gel be watcr- 
logged after adsorbing to A', then the 
desorption curve will drop below at 
some much higher moisture content such 
as C', and will follow a different path 
from Hq and dryness. The gap between 
A' and C' can be accounted for, in the 
way explained earlier, by internal stresses 
which will affect both sides of the loop. 
The hysteresis loop may thus be wider 
at saturation than at any other vapour 
pressure. The path from A' to C' requires 
that water be added to the material 
(for example, by super saturation and 
condensation or by shaking in water) 
in order to raise the vapour pressure 
momentarily above its saturation value, 
so that the curve B'C'O is reached only 
with the help of some external agency 
and OA'C'O is not a true hysteresis loop in vapour pressure and moisture 
content only. It is, however, reproducible provided the same water-logged 
moisture content is reached on every cycle. 

Dr. A. G. Foster [Englefield GraevC) {communicated) : I agree with Dr. Barkas 
that, on theoretical grounds, there are serious objections to the use of the Kelvin 
equation at low pore radii, but until the mathematical treatment of the problem 
can be extended to such small pores, we have no alternative but to apply the 
equation in its usual form and find out by experiment when and how it breaks 
down. We then arrive at the unexpected result that the equation appears to 
remain valid for comparative purposes and is remarkably successful in reducing 
to the same basic data for widely different liquids. Although the calculated 
radii are probably incorrect they are essentially of the right order of magnitude 
since they are consistent with the surface area determinations by independent 
methods. 

With regard to Dr. Gregg's observations on the behaviour near saturation, it 
is conceivable that detailed examination in the region of 99 % saturation might 
show an asymptotic approach to but so far as porous solids are concerned, 
most isothermals appear to rise abruptly and to approach p^ sharply. It would 
otherwise be possible to determine a definite saturation volume and so to establish 
the validity of Gurwitsch's rule for porous solids. I do not see how this 
saturation volume can depend on the contact angle. 

The analogy between tt^ — tr curves derived from adsorption isothermals and 
from trough films is indeed striking, but whereas it ■— A curves obtained with 
trough films give valuable information about molecular cross-sectional areas, 
no similar information has yet been provided from adsorption data treated in 
this way. The interpretation of adso^tion data in terms of phase changes in 
a monolayer presents several difi&culties : the cause and nature of the phase 
changes remain obscure ; the theory makes no quantitative or even qualitative 
prediction about the existence of hysteresis and there is no evidence that the 
saturation values correspond to the covering of a constant area rather than to 
the fiUing-up of a constant volume. The capillary theory on the other hand 
correctly predicts that hysteresis diminishes with increasing molecular diameter 
and that equal volumes are held at saturation. It is the only theory which 
enables us to correlate the adsorption isothermal with the structure of the 
adsorbent. 
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I agree with Dr. Schofield that the tensUe strength of the liquid is an important 
factor. I do not regard it as the cause of the large loss of sorbate but rather as 
a factor determining the lower limit of capillai^ condensation. When conden¬ 
sation gives way to layer adsorption hysteresis also disappears. Dr. Barkas* 
comments on McBain’s “ ink-bottle ** theory of hysteresis would appear to 
dispose of this explanation most conclusively. 

Mr. D. K. Ashpole (Bockiiig) (communicated) : The small humidity cycles 
which Dr. Barkas points out must taJke place in a thermostat duo to temperature 
fluctuations would undoubtedly at times produce supersaturation and consequent 
condensation within the apparatus including deposition on the hygroscopic 
material, but it does not necessarily follow that the hygroscopic material 
attain thermodynamic equilibrium with the saturated vapour phase. Reference 
to Fig. I of my later contribution to this Discussion reveals that in the interval 
between 99*0 and loo-o % r.h., a viscose sample has to absorb two-thirds as 
much moisture as it has already adsorbed in the range o to 99-0 % r.h. before 
it can reach equilibrium with saturated vapour. The temperature fluctuations 
encountered in any thermostat should be small and considerations of the relative 
magnitudes of the specific heat of a cellulose-water mixture and the latent heat 
of vaporisation of water show that a very large number of cycles would have 
to take place before the large amount of moisture necessary to reach equilibrium 
with the saturated vapour could be condensed. The occurrence of dew on the 
glass surfaces of the apparatus as recorded by UrquhartandEckersall®* will only 
indicate that one humidity cycle has been performed and cessation of the 
experiment at this point means that the hygroscopic material cannot, under 
any circumstances, attain equilibrium with the saturated vapour, 

Mr. F. A. P. Maggs (B.C,UM,A., London) said ; The course of the discussion 
prompts one to suggest a further explanation of the rapid rise of certain isotherms 
at high relative pressures. Some American investigators (Emmett, in particular) 
have found this shaip uptake of adsorbate near saturation vapour pressures and 
have also observed that in some cases hysteresis is associated with this part 
of the isotherm. In view of the distinction between the adsorbed state and the 
bulk state (referred to in our paper), I would like to suggest that the form of these 
isotherms does not imply that the distinction is absent in such cases. The upward 
trend seems to me to be typical of the formation of a fresh two-dimensional 
phase in the adsorbed film. Dr. Gregg and I have shown*® that such sudden 
changes of gradient of an isotherm are symptomatic of phase transitions wtthin 
the film ; in some cases the occurrence of hysteresis may also be related to such 
transitions. 

The American results have also some bearing on the observations of Dr. Barkas 
and Dr. Schofield since the adsorbents used by Emmett were carbonaceous solids 
such as carbon black, where the possibility of plastic deformation of the adsorbent 
by either film pressure or hydrostatic tension is remote. 

Dr. I. W. Wark (Melbourne) szid .: It seems desirable to correct a misappre¬ 
hension on the part of Bond, Grifiiths and Maggs, who assume that for flotation 
to be possible the angle of contact must exceed 90®. Actually millions of tons 
of mineral are floated under conditions such that the angle of contact docs 
not exceed 60®. The true criterion for flotation is, in fact, that the angle of 
contact must be finite. It should be remembered that, as Edscr pointed out, the 
greater part of the force supporting a dense particle on the surface of water is 
the hydrostatic pressure of the displaced water; the partially hydrophobic 
condition of the surface (as indicated by a fimite contact angle) prevents the water 
from flowing right over the particle. 

I should like to make a plea for greater use of the equilibrium contact angle. 
This is a physical reality for it can be approached from either direction and 
under appropriate conditions is quite reproducible. Reproducibility is possible, 
however, only for comparatively smooth surfaces, and then only if they are 

** 7. Text. Inst., 1930, ai, T499. 

*« Trans. Faraday Soc., 1948, 44, 123. 
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clean in the sense that contamination by grease or oil has been rigidly excluded. 
It is not easy to attain these conditions, but a satisfactory technique has been 
evolved in Melbourne and those laboratories in America and Europe which have 
adopted it have obtained contact angles that agree within 2® with the values 
obtained in Melbourne, 

Unless precautions are taken to avoid accidental contamination the measured 
contact angles are of no value and, for this reason, many, indeed most of those 
reported in the literature, are misleading. Until it has been demonstrated by 
methods developed in connection with this work that surfaces arc uncontaminated 
and that reproducible equilibrium angles arc obtainable, I consider it futile to 
conduct experimental work with a view to ascertaining the cause of hysteresis. 
One must begin with simple systems and of these well-polished non-porous solids 
are the most attractive. Using such surfaces it has been found that hysteresis 
is much greater for a benzene-water-solid triple contact than for air-water-solid. 
Again in the presence of di-xanthogen which '' oils'' the surface, hysteresis 
becomes very small. 

While the efiocts of surface roughness may not be entirely responsible for 
hysteresis, I have the feeling that the geometry of the system will prove to be 
mainly responsible in most systems. By simple diagrams it is possible to illustrate 
that without any change in the equilibrium angle, and taking account only of 
surface roughness, advancing and receding angles must differ. If we assume 
that in oiling the surface, di-xanthogen fills up the surface depressions it can be 
seen that it should reduce hysteresis. 

Freedom from contamination by grease is of equal importance in measuring 
wetting pressures or in examining the displacement of one liquid by another 
from a bed of solids. Other forms of surface change such as those due to oxidation, 
or to adsorption or ions, are also significant. I have known measurement of 
wetting pressure that completely misled the experimenters because of contamina¬ 
tion of surfaces by ions or oils. When one recalls how little matter is required to 
give a unimolecular film over the surface of very finely divided solids one is 
discouraged from approaching work of this type with light-hearted optimism. 
Above all it must be recognised that one cannot expose a surface to air without 
it becoming contaminated. 

Prof. N. K, Adam {Southampton) {communicated) : I do not feel sure that the 
existence of a finite contact angle of water on coal which, before contact with 
liquid water, was covered by an adsorbed film of water vapour, proves that this 
adsorbed film has a contact angle with water. Is it not possible, perhaps even 
probable, that the liquid water dissolves away this adsorbed film, itself coming 
into direct contact with the coal surface ? It does not seem to me justifiable to 
attempt to draw a dividing line between the liquid water and the water which> 
before immersion in the liquid, was adsorbed on the surface. 

I feel a protest should be made against the suggestion in the beginning of the 
paper that Brunauer, Emmett, and Teller implied either identity of adsorbed 
layers beyond the first with bulk water, or “ infinite adsorption of bulk liquid. 
Their theory in its general form assigns different heats of adsorption for each 
successive layer; the mathematical diflficulties are considerable in this general 
case, and for the convenience of the reader they worked out an approximate 
case in which the heats of adsorption for all layers beyond the first arc put equal 
to the latent heat of evaporation of bulk water. I am not quite clear, from the 
paper of Bond, Griffith and Maggs, how many molecular layers were adsorbed 
on the coal surface ; it would seem probable that the orienting influence of the 
coal surface on the water molecules may extend through quite a number of 
layers. It is therefore not very surprising that no discontinuity in the curves of 
volume and dielectric constant is found, similar to that when bulk water freezes. 
"When bulk water freezes, a peculiar rearrangement of the water molecules takes 
place, for which there might be neither space, nor suitable fields of force, in the 
comp^tively thin region where water molecules are within the range of attrac¬ 
tion either of the adsorb!^ solid surface, or of water molecules to which a special 
orientation is given by direct contact with this solid surface. One might reason¬ 
ably say that the adsorbed layer is itself, to some extent, “ frozen ** by the act 
of adsciption. 
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Dr. D. H. Baagham {B.C.U.R.A,, London) {communicated) : The statement 
that water has a finite contact angle against the adsorbed film refers to the 
film at the soiid’-vapouf interface, and implies the existence of a first-order phase 
difference between this (saturated) film and bulk liquid water. 

About the structure at solid-liquid interfaces we know very little, but since 
the interfacial layers are bounded on one side by bulk liquid it would not be 
surprising if they were structurally different from those at solid-vapour surfaces. 
If Prof. Adam means that it is unlikely there is a ftrst-order change of phase on 
traversing from bulk liquid into the liquid-solid boundary layers, I would agree 
with him., though I would not exclude the possibility of a change of phase of the 
second- or third-order. 

The picture of an adsorbed film as a region in which the molecules are frozen 
has grave limitations. The swelling of gels is a dynamic process, arising from the 
mobility of the adsorbed molecules. The speed with which equilibria is reached 
shows that water molecules can permeate coal with a rapidity inconsistent with 
a “ frozen adsorbed phase. This mobility is retained when the coal is cooled 
below o® c. 

Since, then, water adsorbed in coal (and other carbonaceous solids) is struc¬ 
turally different both from ice and from bulk water, it is the more important 
to devise experiments to ascertain its properties as Bond, Griffith and Maggs 
have done. 

Mr. F. A. P. Maggs {B.C.U.R.A., London) said : I should like to take this 
opportunity to correct an error which appeared in the proof of the summary of 
our paper; this should read that the flotation experiments show the angle of 
contact to be less than 90°. 

I should hke to emphasise certain general advantages which the extensomotric 
method provides in cases where the relation between adsorption expansion and 
free-energy change is established. In isolating for measurement the energy 
changes at the solid-vapour or solid-liquid interface, other effects such as those 
due to gravitational forces and those arising from changes of the liquid-vapour 
interface are eliminated. The dffficulties due to lack of stability at the solid- 
vapour interface (e.g. the hysteresis of the contact angle, which has been under 
discussion) are not encountered, as time can be allowed for full equilibrium to 
be reached, the steady state being detected by the length measurements. 

Mr. R. L. Bond, Miss M. Griffiths, Mr. F. A. P. Maggs (B. C. U.R.A ., London) 
{communicated) : In answer to Prof. Adam, we would remark that the identity 
between adsorbed film (at saturation) and bulk liquid is not merely implicit in 
the B.E.T, theory but is explicitly recognised by these authors. Thus they 
state ; “If we deal with adsorption on a free surface, then at saturation pressure 
of the gas, Po> an infinite number of layers can be built up on the adsorbent.'**® 

We cannot accept Prof. Adam's suggestion that a different state of affairs 
could ensue if E *, JE ,, etc. > E,., for this would lead to the paradoxical result 
that an increased heat of adsorption (increased, that is, in comparison with the 
case where E * = E , EJ would be associated with a lower (integral) surface 
concentration. 

However, the emphasis of our paper does not lie in the film properties predicted 
by theory, but in the properties which we have determined experimentally, and 
in this respect our results oblige us to reject Prof. Adam’s analogy befween 
adsorbed molecules and “ frozen ” water. Any attempt to explain fixe increase 
of the coefficient of thermal expansion brought about by fixe adsorption of 
water, based on the concept of immobile “ frozen ” molecules must necessarily 
account for the dynamic phenomenon of adsorption swelling. The rate of 
adso^tion alone is far too great with coals—and indeed with most gels—to be 
consistent with any theory of “ frozen ” adsorbed molecules (which would block 
the small pore entrances in the case of coal). So far from acting as immobUe 
“ frozen ” units, the adsorbed films exhibit both quantitatively and qualitatively 
those properties to be anticipated from mobile adsorbed molecules exerting a 
2-dimensional pressure. 


®® /. Amer. Chem, Soc,, 1938, 60, 312. 



GENERAL DISCUSSION 


114 

Prof. N. K. Adam {Southampton) {communicated) : On further consideration, 
I feel that the existence of a contact angle between bulk water and a coal surface 
covered by the adsorbed film in equihbrium with water vapour definitely proves 
that the outside of the adsorbed film has a lower work of adhesion lor bulk water 
than the work of adhesion of bulk water to itself. 

My reference to the adsorbed film as to some extent frozen ” was not intended 
to imply that the adsorbed molecules arc immobile on the surface ; there is, I 
fully agree, plenty of evidence that they can move about parallel to the vSurfacc, 
within the attractive field oi force of the surface. 1 am not, however, surprised 
that the experiments reported in the paper show that the adsorbed molecules, 
presumably in several superposed molecular layers, have their movements so 
restricted by the attraction perpendicular to the solid surface, that they are 
unable to rearrange themselves on cooling into the more open and very peculiar 
arrangement characteristic of ice in bulk. Perhaps my expression ‘*to some 
extent frozen,’* was not very well chosen to convey this view. 

Dr. A. B. D. Gassle {Leeds) said : Although B.E.T.’s original derivation of 
their isotherm suggested that the multilayers were identical with three-dimen¬ 
sional liquid water, the statistical derivation shows that the two forms have 
different complete partition functions, and are, in fact, quite diiicrent forms of 
water. The experimental data given by Bond, Griffith, and Maggs which require 
the adsorbed water to form a distinct phase are, therefore, quite consistent with 
a B.E.T. multilayer. 

Dr. M. Joly {Paris) said: The films of water adsorbed on solids and the 
bound water in some colloidal systems produce phenomena which seem to 
indicate that the properties of water at an interface are different from the 
properties of water in bulk. One confirmation of this point of view is given by 
the study of the mechanical behaviour of the monolayers, Particularly in the 
viscosity measurements of very dilute gaseous films, for interpreting the experi¬ 
mental results, it is convenient to consider around each polar group of the 
molecules in the monolayer two or three rows of water molecules which do not 
show the properties of a liquid but are rigidly bound all together and with the 
polar group. 

More generally, for all monolayers the free energy of activation of flow can be 
described as a sum of two terms, one ^Fc for the film itself and the other APn^o 
for the water molecules which are connected with it, that is to say, for the first 
layer of water molecules which are directly adjacent to the molecules of the 
organic monolayer and which are moving with it without slipping. It is possible 
to calculate both these terms from the van dcr Waals’ forces if the structure is 
known. The figures obtained for APn^ are in very good agreement with the 
experimental data by assuming for the water not the almost tetrahedral structure 
of ordinary liquid water but a hexagonal structure similar to the structure 
attributed to the bound water in clays. These facts indicate a change in the 
water structure at the interfaces. 

Mr. A. Morris Thomas {Greenford) {communicated) : Bond, Griffith and 
Maggs report the results of measurements of the dielectric constant of wet and 
dry coal and are unable to find agreement with values calculated from a mixture 
formula. It may be taken for granted that no mixture formula is valid if there 
is interaction between the materials concerned, but it is surprising that the 
experimental values are the higher. On any hypothesis it seems urdikely that 
adsorbed molecules have a greater freedom than they have in the free state. 
It is possible that the authors have neglected the effect of the high loss angle 
(tan S) which the wet coal probably possessed. The capacitance measured with 
a Schering bridge is the " equivalent series capacitance ” and for comparison 
with the values estimated from a mixture formula the “equivalent parallel 
capacitance “ must be used. The correction factor is (i -|- tan*§)“^ so that 
^puaiui “ "1“ tan®S). 

When attempting to use an electrical method of this t3rpe to determine a phase 
cha^e, the foequency must be carefully considered. The authors use 15 kc./s. 
which would probably give a measurable fall of dielectric constant for a ph^e 
change from water to ice at o® c., but at lower temperatures the dielectric 
constant of ice at this frequency increases and the change becomes inappreciable. 
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Gaxton has discussed the problem of the dielectric constant of water adsorbed 
by cellulose.®’ As mentioned in the original paper, neglect of expansion of the 
cellulose on sorbing water tends to give low values and he has informed me that 
after taking this into account, the value obtained is between 15 and 20. 

The use of measurements of electrical properties to assist the investigation of 
the mechanism and binding forces involved in sorption is often possible and is 
to be encouraged. In a large number of cases, the materials involved will be 
polar dielectrics and will therefore exhibit Debye resonance, i.e. there will be 
critical maxima in the curves of loss angle (tan 8 ) plotted as a function of tempera¬ 
ture for a given frequency or as a function of frequency at a given temperature. 
Such maxima are related to the relaxation times of the polar groups and the 
effect of the sorbed substance on these values should yield important informa¬ 
tion. I am at present engaged on some work on these lines. 

I am also interested in the determination of the heats of sorption. Bond, 
GrifOith and Maggs give only one sorption isotherm and I think two or three 
more would be of interest. I have found that in the case of films of organic 
polymers containing hydrophilic groups, e.g. electrical insulating varnishes, if 
a moisture sorption isotherm is determined and the sorption plotted as a function 
of relative humidity instead of partial pressure, the curve obtained serves for 
any temperature in the range investigated, i.e. 20°-40° c. In the region for which 
Henry’s law is applicable, i.e. in general up to a relative humidity of 50 or 60 %, 
it follows at once from this result that the heat of sorption is the same as the 
heat of condensation. This is presumably evidence that in these cases the 
sorbed molecules are probably attached to the substance by hydrogen bonds ; 
it is certainly unlikely that the sorbed moisture exists as liquid water. The total 
sorption at saturation of these materials is of the order of 1-2 %, and there is 
no doubt that the moisture is uniformly dispersed in the bulk of the material, 
except for a surface film, the mass of wMch, however, appears to be only a small 
fraction of the total. 

Mr. F. A. P. Maggs {B,C,U,R.A„ London) (communicated) : Mr. Thomas' 
observation regarding the low value of the net heat of adsorption of water is 
paralleled by measurements we have made of the integral heat of adsorption of 
water on a range of coals (calculated from the heat of wetting in water and the 
corresponding weight of water adsorbed at saturation). 

The integral heat of adsorption does not exceed the latent heat of condensation 
by more than 12 % ; since other work suggests that the excess over the normal 
latent heat arises from the adsorption at relatively low pressures, there is probably 
a considerable range over which the adsorption is a function of the relative 
humidity and is independent of temperature. 

Dr. W. Hirst (Aldermasion), Mr. M. Griffith, and Miss E. M. Dresel 
(B,C,U.R.ALondon) (communicated ): The theoretical paper of one of us (W.H.) 
originated from consideration of some experimental results obtained for the 
coal-methanol system. It is hoped to publish these results in due course, but 
as some of them bear on points raised in the Discussion it may be helpful to 
mention briefly two of our observations. 

Example 3 of the theoretical paper suggests that when there is hysteresis the 
surface-energy lowering of a system may sometimes be calculated from the 
desorption isotherm. In our experiments we determined the methanol vapour 
sorption isotherms at two temperatures for a number of coals, and we also 
measured the heats of wetting by liquid methanol using a calorimetric method. 
The total energy changes were calculated from the adsorption and desorption 
curves by applying the Gibbs-Helmholtz equation to the free-energy lowering 
obtained on integrating the isotherm.’*' The calculated values were compared 
with the experimental heats of wetting. Owing to the nature of the apparatus 
the isotherm had to be extrapolated to saturation pressure but, for the adsoiption 
curve, which is the important case here, this introduces no serious error into the 
calculated free-energy change. Allowance had also to be made for the difference 


J, Inst, Elect, Eng,, r940, 86, 369. 
♦ See eqn. (r) of paper by Hirst. 
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between the free-energy lowering of the system when exposed to saturated vapour 
and when immersed in liquid. When the corrections were applied the heats 
obtained using the desorption curve agreed quite closely with the calorimetric 
heats, whereas those calculated from the adsorption curve were about 20% 
too low. The evidence therefore suggests that for this system the desorption 
curve provides the correct basis of calculation. 

The diUcrential heats of adsorption were also evaluated from tlie experimental 
isotherms. The net heats, i.e. the dillerence between tlae total energy 
of adsorption and the latent heat of condensation of liquid methanol 
(9,200 cal./mole), were found to vary over the course of the isotherm from about 
3 j5oo-4,ooo cal./mole at low pressures to about 1,000 cal./mole at about o -8 
relative pressure. It is interesting to compare this variation with the variation 
predicted by the B.E.T. equation. 

If the B.E.T. equation is written in the form 
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the heat of adsorption jRT* . d loge PidT is readily calculated. The result is 
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This function is plotted on the diagram together 
with the experimental results for one of the 
coals. (The value for Ei obtained experi¬ 
mentally was used to derive the points on the 
B.E.T. curve.) The lack of agreement is 
evident. 

Dr. J. F. Duncan (Harwell) said: The so- 
called B.E.T. equation as it stands describes the 
shape of an adsorption isotherm only over ranges 
of pipei from about 0-05 to 0-3. It has, however, 
been shown by Anderson that the plot of 

(i -• Kpip ) V ^ straight line over ranges of pjpe, from 0-05 

to about 0*8, and that K hats a value of 07 for nitrogen. This is in accordance with 
some unpublished results of mine using ethylene as an adsorbate, for which the 
Anderson constant K is o-6-0’65. Anderson has shown that the necessity of 
including the constant K implies that the heat of sorption of the second to nth. 
molecular layers is about 50 cal. less than the heat of vaporisation of the adsorbate. 
The fundamental assumption of the B.E.T. equation, namely, the equality of 
the heat of sorption of all except the very first molecular layer to the heat of 
vaporisation, is, therefore, not very fax wrong. 

The Anderson-modified B.E.T. equation is applicable for o*o^<.plpo <o*S 
which considerably overlaps the range of applicability of the Haxkins equation 
lo% p^B — Afq^ in the range o-3< pjp^, <o*8, when the B.E.T. constant 
c is greater than 50. For conditions under which they may be compared (^J>5o) 
the two equations lead to the same surface area and are equally applicable.®* 
We have, then, two equations of difierent mathematical form which describe 
nearly the same portions of the same isotherm. In principle, therefore, it should 
be possible to convert one into the other, or reduce them to a common mathe¬ 
matical form. 


*® Anderson, J. Amer. Chem. Soc,, 1946, 68, 686. 

»* Harkins and Jura, /. Amer, Chem, Soc., 1944, 13^6. 
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I have been able to show (unpublished work) that 

(i) if c is large, the Anderson-modified equation may be reduced to 


P 

Pi 



(I) 


for o-3<^/^o <0*8, where K is the Anderson constant, and is the volume 
of adsorbate required to fill a monolayer; and 

(2) the Harkins-Jura equation may be reduced to the form : 



where C =» 2*303^ + I, 
+ o^2i7)FIIPi\ 

H = S 4- logio2, . 

F = X k 
a 


(2) 

( 3 ) 

( 4 ) 

( 5 ) 

( 6 ) 


o = area occupied by j molecule on the surface (a.*) 

{B is as defined in eqn. ii of Dr. Foster's paper; v and are measured 
in cc. N.T.p./g. adsorbent and S in m.Vg.) 

The mathematics in eqn. (2) involve two approximations introduced as a result 
of a logarithmic and a binomial expansion. It can be shown that provided 
0'25 <^/^o<o 75 the error arising in eqn. (2) is always less than 5% ; over the 
greater part of this range it is much smaller and can be neglected compared 
with experimental errors. 

It will be seen that both equations reduce to the same form. By comparing 
eqn. (i) and (2), D might be expected to be unity, and the Anderson constant 


K =* 


2-303(5 -f 0-3010) + i ' 


Now by making a plot of i/v against a curve such as Fig. i is obtained. 
Assuming that this obeys the equation 

Plpo = - • - - (7) 

the middle, straight portion is produced to each axis, from which it will be seen 
that 

(1) the reciprocal of the intercept on the ifv axis equals 

(2) the intercept C on the plpo axis is equal to the reciprocal of Anderson 
constant K, 


An experimental test of this equation has been made, using the isotherms given 
by Harkins and Jura, and also Brunauer, Emmett and Teller. Using seven 
nitrogen isotherms, the following values have been obtained for the different 
quantities mentioned : 

D = 0*89 i; 0'08 ; Anderson constant K = 0*70 ih 0-07 
Harkins constant B = 0*39 ± 0*03 ; F =* 0*91 ± 0*05 
Harkins constant k = 4-01 i 0-25 (value given by Harkins 4*06). 

Similar results have also been obtained using ethylene as adsorbate (unpublished 
work). 

It will be noticed that the quantity D is not quite unity, as predicted by 
eqn. (i), although this is not at variance with eqn. (2). The quantity F is also 
seen to be very close to unity for nitrogen, and this was also found for ethylene. 
Assuming F to be unity whenever c is large and the above equation is valid, we 
can use (6) to obtain a rough value of the Harkins constant k from a given value 
for the area occupied by fhe adsorbate. Thus, if we assume Emmett’s value of 
14*8, 56*6 and 64A* for water, w-butane, and w-heptane, we get Harkins’ ft to be 
4*02, 15*3 and 17*4 respectively. The corresponding values given by Harkins 
are 3-69, 13*6 and 16-9. It will be seen, therefore, that to a first approximation, 
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F must also be unity for these adsorbates and that the assumption of a given 
value of k is tantamount to an assumption of a value for the area occupied by 
one adsorbate molecule. 

A further use of eqn. (7) is 
that it now makes possible the 
approximate determination of 
the surface area of a solid from a 
single point on the isotherm which 
is in the range 0*3 < pjp^ < 0*7. 
If the Anderson constant K is 
known, this gives us the inter¬ 
cept C on the axis (Fig. i). 
If a single point on the isotherm 
is taken at P, may be deter¬ 
mined by joining C to P and 
producing to the i/y axis. The 
merits of this method will be 
discussed later, but it is estimated 
that it will give about 20% 
accuracy. 

Dr, S. M. Neale {Manchester) said: The assumption in Schofield and 
Talibuddin's paper that the negative charge on cellulose was wholly due to 
dissociation of carboxylic acid groups, and that consequently it would be wholly 
or mainly suppressed at p's. 1*3, was not in accord with experiment. Cotton 
cellulose almost entirely free from COOH groups showed a strong negative 
potential against aqueous solutions and the introduction of carboxylic acid groups 
by alkaline oxidation had relatively little effect. 

The great majority of neutral substances which were free from ionising groups, 
showed a negative charge in contact with water. The negative charge on cellulose 
could be neutralised only by the adsorption of cations with a strong specific 
afi&nity for the fibre, such as A 1 + + + or Th++ + + or the cations of the basic dye 
Victoria Blue B. These statements, though originally based on measurements 
of zeta potential,*® had recently b^n confirmed by an entirely independent 
method, by means of which the Donnan potential between fibre and solution 
could be measured. 

Dr. R. K. Schofield {Harpenden) said: In reply to Dr. S. M. Neale, I do 
not know of any reliable experiments that prove the presence, at low ps values, 
of negative charges on cotton cellulose other than those due to the very smal] 
fraction of the few carboxyl groups dissociated to —COO" groups. Measure¬ 
ments of electrophoresis are not very serviceable, because the measured velocities 
are by no means proportional to the surface charge density. From the descrip¬ 
tion Dr. Neale has given me of his recent experiments, I conclude that he has 
measured diffusion potentials which are not directly related to the amount of 
negative charges on the cellulose. 

I am confident that when cotton that has sufiered no oxidation is examined 
by our method, the results wUl show that the charge at ps 1*3 is too small to 
be measured. The charge, E, per 100 g. of fibre at ps 6 can be formed by 
measuring exchangeable calcium. If this charge remained undiminished with 
^ in to 1*3, then Vj.* would be found to be as great as Ue. If, in fact, Ui.# 
is less than v* we can obtain the limit V of the dttterence for very low values 
of the concentrations, For untreated cotton E is less than for white jute, 
so we may expect Donnan's equation to be applicable. If the charge at ps 1*3 
is indeed negligible then we should have from eqn. (2) of our paper: 



If, however, the right-hand side of this equation were found to be consistently 
only a fraction of this would show that in going from ps 6 to ps 1*3, the 
charge B had only diminished by this fraction. 

Neale and Peters, Trans. Faraday Soc,, 1946, 4a, 478. 



Fig. I. 
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I doubt whether in practice we ever deal with a neutral ” or “ inert 
surface, unless by a “ neutral surface we just mean one that, under particular 
conditions, carries no charge, and so gives rise to no diffuse double-layer. 

Dr. R. M. Barrer {Londov) said: I have in my paper presented some old and 
some new aspects of the kinetics of flow in capillaries and porous media. In so 
doing, a brief quantitative inspection of transient and steady states of flow has 
been given for a number of well-recognised t3rpcs of fluid transport, any one of 
which may be shown by water. Special attention has been given to transition 
regions between one such type and another, for here formulation has sometimes 
been incomplete. Transition regions considered include : 

(1) penetration under the combined influence of pressure head and surface 
tension, 

(2) overlapping of streamline flow and molecular streaming, and 

(3) merging of molecular streaming with surface diffusion—a hitherto neglected 
feature. 

From an understanding of transition region (2), Ridgen has amended the 
Kozeny method for gases to give more accurate information as to the geomefneal 
intemal surface of porous solids. The Kozeny method is much used for this 
purpose using incompressible fluids, and has been discussed in several aspects 
by Carman (this Discussion). It was therefore not reviewed by me. 

However, I have developed and drawn attention to a second method of 
obtaining similar information as to gecmatrical intemal surface—^the Adzumi 
method, depending wholly upon overlap of streamline flow and molecular 
streaming. This method does not seem to have received much attention previ¬ 
ously, but is certainly worth consideration. 

Finally, I have given all the necessary quantitative data for a third method of 
deriving a mean radius, and number of pores per unit cross-section of the porous 
bed. This method depends on measuring the time lag L given by eqn. (32), and 
also the steady state permeation rate, P, given by 

p _ Amj'^.(Pi-pt) 

y/zitmkT ' I ’ 

where A is the cross-section of the bed and N the number of pores per unit area. 
The value of r is derived from the expression for L, and substitution in the above 
relation then permits N to be determined. The limitations in so determining 
y, iV, and thus a geometrical intemal surface axe similar to those in the Kozeny 
and Adzumi methods. 

These three methods might make an interesting complementary study referring 
as they do to incompressible liquids, or to gases (Kozeny), to gases in the over¬ 
lapping region of Poiseuille and Knudsen flow (Adzumi), and to gases in the 
Knudsen flow range (Barrer). 

Finally, I wish to draw attention to the transition region between molecular 
streaming and surface diffusion. The treatment given provides, in principle, 
a method of studying both adsorption and surface diffusion. If one works with 
capillaries of known decreasing radii, or with columns of a porous material of 
uniform particle sizes, one may measure the time lag L as a function of ijr. In 
the absence of surface effects, a linear relation exists between L and i/y according 
to eqn, (32). When a proportion of the molecules is immobilised by adsorption 
the curve of L against ijr will bend increasingly away from the axis of i/y as ijr 

increases. Here L = and D is given by eqn. (33). Finally, if there is a con¬ 
siderable surface diffusion of adsorbed molecules the curve of L against i/r will 
bend increasingly toward the axis of ijr as zjr increases, D being now given by 
eqn. (35). 

Thus there are several fields interesting in the study of surface chemistry, 
but so far largely neglected, which can be investigated by quite simple kinetic 
experiments involving moleculax streaming through single capillaries or through 
porous media. 

Dr. R. I. Razoiik (Cairo) (communicate^ ; A special case of flow of liquids 
in porous media which is of value in calculating equivalent radii, tortuosity 
factors and contact angles is the rise of liquids in vertical capillary tubes or 
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porous beds under the effect of their surface tensions only. When a capillary 
tube is brought into contact with a liquid, the latter will rise in it until surface 
tension forces are equalised by gravity forces, and the rate of rise of liquid will 
be given by Dr. Barrer’s eqn. (3) in the form : 

_ j d^r _ — Ttr^gdx + cos 0 , ^ 

dF- 8 ^ ... (a) 

The density and viscosity of the vapour arc neglected in comparison with those 
of the liquid. It follows that: 

dx __ r a co s 0 _ 

^ dt ' 47] ” 87) 

On integration, 

where a = y c cos 0/47], and p = y® gr i?/87}. 

A more general form of eqn. (c) was first given by Washburn in 1921.*^ 

This equation shows that the maximum height of a liquid in a capillary tube 
is reached after infinite time and is given by : 


( 6 ) 

(<=) 


x„ = a/p 


2 g cos 0 
r,g.d 


For small values of x» i.e. in the early stages when the effect of gravity is 
negligible, eqn. {c) gives on approximating the expansion of the logarithmic 
term, 

x^lt = 2a =s ro cos 0 / 27 ], 


which is the well-known equation of Washburn and Rideal ** for the flow of 
liquids in horizontal tubes. 

The two constants of eqn. (c) can be determined from experiments on rates of 
capillary rise and cos 0 and r will then be given by 



When the capillary possesses a tortuosity factor k, Dr. Barrer’s eqn. (6) gives 
on integration for the special case under consideration: 

+ . . . (i) 

which reduces for small values of x to Eley and Pepper's eqn,** 

== r<5 cos 0/27]A® 

Eqn. (d) cont^s two constants which are functions of f, k and cos 0 , so that if 
any of these is known, the remaining two can be evaluated from rate measure¬ 
ments. 

This equation has been found to fit satisfactorily the results of experiments 
on the rate of capillary rise of liquids in the pores of charcoal already saturated 
with their vapours.** 

Rectangular prisms of charcoal were suspended from a spring balance of the 
McBain-Bakr type so that their axes of conducting pores were vertical. After 
outgassing the charcoal at 300® c., it was exposed to the saturated vapour of the 
liquid and when equilibrium was attained the liquid was brought into contact with 
the charcoal. The distance through which the liquid penetrated the charcoal 
was evaluated from the gain in weight and a knowledge of the pore volume of the 
charcoal.** 


*1 Washburn, Physic, Rev., 1921 , 17, 276 . 

*» Rideal, PhU, Mag,, 1922 , 44, 1154 . 

** Eley and Pepper, Trcms. Farad^ Soc,, 1946 , 4a, 697 . 

** Razouk, PhJI>. Thesis (Cairo University, 1939)7 

*» For details, see Bangham and Razouk, Trans, Faraday Soc„ 1937 , 33 . 1463. 
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As an example. Fig. i shows the rate of capillary rise of ethyl alcohol and 
benzene at 28° c. in the same prism of charcoal. The circles represent the 
experimental points of two runs in each case and the full lines represent the 
equations; 

o-oo6o t = X + 13*0 In 1^1 — j 

0-0128 t = X + 14-8 In ^1 — 
for ethyl alcohol and benzene respectively. 



Fig. I. —^Rate of penetration of benzene and ethyl alcohol in charcoal. 


Capillary Constants of Charcoal 


The contact angle of 
ethyl alcohol and benzene 
on charcoal is probably 
very small. Taking 0 = o, 
the equivalent radius and 
tortuosity factor of the 
charcoal can be calculated 
from the constants of the 
above equations, and the 
values obtained are shown 
in the adjoining table. 

The agreement is excellent, especially if it is remembered that in eqn. {a) 
and Dr. Barrer’s eqn. (3) and (6), the inertial effects and kinetic energy of flow 
were neglected. If the latter effect is taken into consideration the differential 
equation for the rise of liquids in vertical tubes becomes : 


Liquid 

r (cm.) 

k 

Ethyl alcohol 

1-42 X io~® 

3*11 

Benzene 

1*45 X 10-8 

3*05 


d^x , 821 ^ 

d^* r^ddt 


, 2a cos 0 


if) 


which unfortunately does not give a simple solution. 


Mr. D. I. W. Atkinson [London) said: The paper by Dr. R. M. Barrer 
contained some equations for the rate at which one liquid would be displaced 
by another in a capillary tube. However, a bed of solid particles did not behave 
precisely as a large number of capillaries, and a liquid was, in general, not 
completely displaced from such a bed. He considered that, in practice, one was 
more concerned with the extent to which the displacement was complete, 
rather than the rate at which it took place under a given driving force, and 
explained that he had carried out some experimental work designed to show 
which factors were most important in determining the amount of a liquid that 
could be displaced. 
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Some work had been carried out initially using steel spheres to form the solid 
bed. It was possible to displace the bulk of an organic liquid from the bed 
with water, but there was invariably a little of the organic liquid left behind 
in the form of a lens-shaped ring around each point of contact of the spheres. 
The size of the rings was substantially constant throughout the bed, but varied 
with the system of liquids used. Fig. i shows part ol a bed of steel spheres, 
J in. diam., which was, at first, saturated with heptane. Water was then moved 
gradually upwards through the bed and the heptane residue formed the rings at 
the points of contact, surrounded by water. Fig. 2 shows the system, liquid 
para&Ln-water, and it was observed that the heptane rings were smaller than 
the liquid par^n rings, showing that the displacement of the heptane was more 
complete. It was possible, having measured the average size of a ring and 
knowing the mathematical expression for its volume, to calculate the percentage 
displacement which would be obtained for a given mode of packing, i.e. for 
a given number of points of contact. This value agreed well with the actual 
volume displaced in the experiment. This volume did not seem to be 
dependent upon the intcrfacial tension between the two liquids concerned, 
but appeared to be inversely proportional to the viscosity of the liquid dis¬ 
placed ; thus, the greater the viscosity, the less the amount displaced. 

Viscosity, however, could not be the only factor concerned, for, if the bed were 
formed of glass spheres or sand and fine gravel, the amount displaced was greater 
than that obtained for the same liquids, when steel spheres were used, and was 
almost independent of the system of liquids. 



Fig. 3 shows the results in relation to one another. The curve for sand and 
fine gravel represented the average results obtained, using the systems benzene, 
heptane and ether displaced by water and ethyl acetate by a saturated solution 
of itself in water. In the coarse size region, the gravel and steel spheres showed 
a similar tendency to increased displacement with increased particle size. The 
displacement would be expected to approach 100%, if spheres of very large size 
were employed. The sand curve showed a minimum at a particle size of 1/100 in., 
and the displacement thereafter increased with decreasing particle size, due, it 
was thought, to capillary forces being dominant in this region. 

It had been shown from measurements of interfacial contact angles that the 
organic liquids used wet steel preferentially to water, but wet glass less than 
water, and it was proposed that that was the reason why higher displacements 
were obtained using glass and sand rather than steel particles. 

To summarise, it seemed that if the displacing liquid wetted the solid 
preferentially to the displaced liquid and both were of low viscosity, the amount 
displaced was independent of the liquids used and was dependent only on 
particle size and type of packing. If the liquid displaced wetted the solid 
preferenrially to the displacing liquid, the amount was less and was dependent 
on the viscosity of the liquid displaced. 




Pig I —Heptane displaced bj water fioin a bed of steel spbeies. 



Pig 2 .—^Liquid paraffin displaced by water from a bed of steel spheres. 


[To face page 122 
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Mr. C. N. Davies {London) {communicate^ : Consider two solid spheres of 
radius a which touch at T. Around T is a ring of liquid having the meniscus 
MM' within which the pressure is Pi and outside which the pressure is P2. The 
angle of contact, AMB, is equal to 0 and angle TOM is 9. Let MX := x, TD = P 
and CD = r. 

If gravitational effects are negligible in comparison with capillary forces. 
Pi will be constant at all points inside the meniscus and r and P will be the 
radii of circles. On the other hand, if gravity is appreciable, the orientation of 
the spheres would have to be considered and the intrinsic equation for the 
meniscus deduced. Taking the former condition as a first approximation 
we have 

- / ^ I\ 

a '~\r R) 

where o is the surface tension. 

From the geometry of the figure it can be shown by substituting for r and P 
that 


HP* —Pi) 


a 


“ cos (0 + 



cos 0sin 9 — (i — cos 9)(2 -f sin 0) 
cos 0 sin 9 — (i — cos 9)(i + sin 0) 



(I) 


For the liquid to be stable it is necessary that Pa should be greater than Pj. 
If the quantity of liquid is increased (Pg — Pi) diminishes and, if (i) remained 
valid, would equal zero when 


cos 0 
2~^sm0 


= tan 

2 


( 2 ) 


which would therefore relate , from which the maximum volume of retained 
liquid could be calculated, to the angle of contact, 0. 

The following table shows the relation between these quantities : 

Angle of contact 9nua Eqn. (2) 

o® . 53'*8' 

20'* 43'’44' 

40® .. .. 32®2o' 

60® I9®48' 

80® 6®4o' 

90® .. .. .. o 

It is evident, however, when Pj is only 
slightly greater than Pi that gravitational 
forces must become important because 
capillary effects are then almost zero. A 
solution allowing for the gravity effects is 
really required for this condition and would 
involve the intrinsic equation of the meniscus. 

However, in practice, values of as large 
as those given in the table would not be 
attained on account of dynamic factors. The 
residual liquid would also depend on the 
density and viscosity. Perhaps if the sur¬ 
rounding medium, Pj, had a density only 
slightly different from that of the residual 
liquid, Pi, it might be possible to approach 
more closely to the theoretical values of tpjoax 
given above. It should be noted that (2) is 
independent of the interfacial tension and 
of the radius of the spheres. Experience 
with the process of drop separation, which 
presents some analogies, suggests that in the d3mamic problem the quantity 

of residual liquid could be expressed as a function of P being the effective 

density and g the acceleration due to gravity. Possibly the angle of contact 
could be allowed for in a study of various liquids by expressing the difference 
between the observed values of 9^^^ and those given by (2) as a function of this 
dimensionless group. 



Fig. I.—Drains^ from beds of 
small equ^ spheres. 
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Mr. D. 1 . W. Atkinson {London) {communicated) : I was ve^ interested in 
the cominunication of Mr. Davies, giving his theory of the drainage of liquids 
from porous beds. After making the assumption that there is no pressure 
differential across the liquid surface, his geometrical analysis of the problem is 
undoubtedly correct, but when the results to which it leads are considered it 
is found that the assumption is invalid. 

In the first place, rings of liquid, having a zero angle of contact with a solid, 
could not exist with an angle 9 of 53° 8', in a bed of particles. In Fig. i and 2, 
it is shown that, for spheres in tightest or rhombohedral packing, the maximum 
possible value of 9 is 30°, and, for open cubical packing, the maximum value 


is 45 °. 




Fig. I. 


Fig. 2. 


Some experiments I have carried out show that 9, in practice, is about 25°, 
or a residue of 7 % by volume is left in a bed of 40 % voids. The same result 
is obtained for all liquids having a zero contact angle with the solid and is 
independent of density, surface tension and viscosity, provided sufficient time is 
allowed. 

The explanation is presumably that suggested by Haines,*® that a pressure of 
? - ? ■ !§T is required to force an air bubble through the narrowest constriction of 
a bed in closest packing and lor open packing, and that the pressure defi¬ 
ciency, under the liquid rings, would have a similar value ; T is the surface 
tension of the liquid and r is the radius of the spheres. A value of 9 of 25® 

corresponds to a pressure deficiency of which is a very reasonable figure 

for a bed consisting of 40 % voids, or approximately mid-way between close 
and open packing. 

Dr. A. Elinkenberg (The Hague) said ; Referring to Mr. Atkinson’s contribu¬ 
tion to the Discussion, I should like to mention that I have recently prepared 
a paper in which the importance of contact angles on displacement was also 
observed. Water was found to displace non-polar liquids, such as iso-octane or 
benzene, to a much greater extent from a column of sand than it does from oleo¬ 
philic solids like sulphur, of similar grain size. Evidently here the contact angle 
is the determining factor. Also, di^lacement of water from sulphur by benzene 
is more complete than displacement of benzene from sulphur by water. Here 
again the contact angle seems the only possible cause of the difference. 

As regards the influence of the viscosities of the liquids, I hold the opinion 
tlmt the ratio of the viscosities is important. If the displacing liquid has a 
higher viscosity than the displaced liquid, any accidental disturbances of the 
moving boundary will tend to be corrected automatically. Along any stream¬ 
line where the boundary has advanced too far, the resistance will be higher and 
thus the flow retarded. Inversely, if the boundary has lagged behind, it will 
move faster. If, however, the displacing liquid h^ the lower viscosity, these 
disturbances will tend to aggravate, resulting in by-passing of the viscous liquid 
by the less viscous one. Some experiments have shown that displacement of 
octane and kerosene from sand by water is practically complete. More viscous 
mineral oil fractions, however, are by-passed to a considerable extent by the water. 

*® Haines, J. Agric. Sd., 1927, 17, 264. 
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Mr, J. F. Pearse [London) said: At Imperial College we are studying the air 


drying of solids and the manner 
in wMch moisture escapes from 
a solid during drying. If a solid 
be dried from the top surface 
only, in air of constant tempera¬ 
ture, humidity and velocity, then 
the plot of drying rate against 
moisture content is shown in 
Fig. I. AC is called the constant 
rate period, ending at the critical 
point, C, and CD the falling rate 
period. It has been shown that, 
in the constant rate period, all 
evaporation occurs at the sur¬ 
face and it behaves as though 
completely wet. The water must 
move to the surface by some 
mechanism and, in granular 



Fig. I. —Drying rate curve. 


solids, it is by capillary movement. 


From Haines* theory, it can be shown that if a solid consisting of uniform 
spheres in uniform packing be dried, there will be no constant rate period, 

for the funicular state cannot 
extend to the surface. Thus, 
the existence of a constant 
rate period must depend on 
the heterogeneous nature of 
the pore space in a solid, and 
the moisture moves to the 
surface from larger pores 
within the body, by way of 
interconnected fine-pore 
spaces. It must be assumed 
that there are sufficient fine 
pores at the surface to be 
equivalent to a completely 
Fig. 2.—^Moisture distribution curves. Glass spheres wetted surface. 

(135JJL av. diam.). Assuming there is no resist¬ 

ance to capillary flow of 
moisture, the amount of moisture that could be evaporated during the constant 
rate period and moisture distribution curves in sohds during drying could be 
derived from a knowledge 



of pore size distribution. 

Moisture distribution 
studies have been carried 
out with solids, consisting 
of glass spheres (135U diam.), 
silica sand (average particle 
size, 45[x) and silica sand 
(average particle size, 15^1.), 
respectively. Fig. 2 shows 
curves obtained with a solid 
of glass spheres, dried at 
high drying rate and at 
drying times of i J, 4, 7 and 
II hr. respectively from an 
initially saturated condition. 
The curves show a combin¬ 
ation of capillary and 
gravity effects, the decrease 
in moisture content at the 
bottom of the solid being 
due to the ve^ open pack- 



Fig. 3.—Moisture distribution curves. Silica sand 
(45lA av, particle size). 
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Similar curves with a solid consisting of silica sand of average particle size 
45tJi, are shown in Fig. 3. Here capillary eftects far outweigh gravity ettects and 
so the distribution of moisture is almost uniform, except for the effect as noted 
above. 



nhr. 


Distance from drying surface (in) 


Fig. 4. —^Moisture distribution curves. Silica sand (i5(a av. particle size). 


The curves, with silica sand of average particle size 15^. (Fig. 4), show that, 
although capillary effects predominate, there is a moisture gradient. By other 
tests, it has been shown that, with this silica sand, the frictional resistance to 
capillary flow of moisture becomes appreciable and causes this moisture gradient. 

I should like to ask Dr. Childs a question. In the application of the curve of 
Fig. 2, in his paper, to the determination of pore size distribution, the actual 
poie sizes are calculated from the equation for rise of water in a capillary tube. 
On the other hand, Haines, with sohds of uniform spherical particles, considers 
the sizes of the waists connecting the pore spaces. Is the former treatment only 
suitable for solids consisting of angular particles and how accurate is it ? 

Dr. H. C. Brinkman {Hollayid) said: A theoretical derivation may be given 
of a formula, which is a^ogous to the Kozeny-Carman formula, for the rate 
of flow through beds or swarms of spherical particles. 

The rate of flow through the bed of particles is represented by an equation 
which describes the equilibrium between the pressure gradient, the viscous 
stresses and the damping force caused by the particles : 

grad^— tjAv — o, . . . . (i) 

where h is the permeability of the bed, 7) the viscosity of the fluid, p the pressure 
and V the rate of flow. The nice point is, that this equation approximates Darcy *s 
equation 

V = -|gradi> 

Btinkotan, AppU S«. JRtfs. A, 1947,1, 27. 
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for low values of k and the Navier-Stokes equation of hydrod3aiamics 

grad ^ — 7) A V = o 

for high values of k. 

Now the value of k in eqn. (i) is calculated in the following way. The force 
exerted on one particle of the bed is found by calculating the flow round this 
particle in detail while the influence of the other particles is represented by 

the term "the equation of flow. By multiplying this force by the total 

number of particles, the total viscous force on the bed is obtained. This leads 
to an implicit equation for the permeability k, which yields 



where p is the radius of a particle and e the porosity of the bed. 

For the rate of flow through the bed we obtain 

. ,3, 

where u is the rate of flow, N the number of particles, L the length and V the 
volume of the bed. This relation coincides numerically with the Kozeny-Carman 
relation in the porosity interval o*8 — 0*4. For porosities nearing the value of i 
it leads to the Stokes formula for the viscous force on isolated particles. For low 
values of the porosities the model has to be refined.*® 


Mr. C. N. Davies {L<ynd(yn) said : I have been collecting data on the flow 
through fibrous media in connection with the study of air filters. These are of 
interest because an unusually wide range of porosities is covered. Dimensional 
considerations lead to the formula 


RAd^ 

fiQ* 




where R == resistance, A = cross-sectional area and t «thickness of the filter ; 
Q = flow through it, 7] == viscosity of the fluid, d = diam. fibres, and c = the 
fraction of available space occupied by the fibres == (i — e), where e is the 
porosity. The function f must depend on the shape of the fibres and their 
packing qualities. It is not appreciably dependent on length. 

If we assume the fibres to be cylindrical and that the Kozeny-Carman law 
applies (with constant=0*18) we obtain 



Actually the data for a wide variety of types of fibre over a range of c from 
o*oo6 to 0*3 are spread over a fairly narrow band about the curve 

p = 64^1-«{i -f 56c®). 

A unique curve would result if all types of fibre were geometrically similar 
and packed in the same way. The fibres in filter pads tend to lie mainly across 
the flow owing to the nature of the fibres and the method of construction ;1this 
is one reason for the small scatter observed about the empirical expression above. 
The special experiments of Sullivan and Hertel with fibres parallel to the flow 
give a much lower resistance. 

Hence, the Kozeny-Carman equation breaks down for fibrous media and 
predicts too low a resistance for normal types of bed. The error is greatest for 
high porosities ; for values of c between 0*2 and 0-3 the error is quite small. 


Prof. E. Ernst [Pics, Hungary) {communicated) : As already described 
elsewhere (1938), I deduced theoretically and verified experimentally the pheno¬ 
menon of thermo-osmosis. The basic train of thought is as follows rJiby dissolving, 
e.g. sugar in water, the vapour pressure of the latter decreases. This can be 


*® Brinkman, AppU Set, Res» (to appear shortly). 
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compensated by rising temperature, because the higher the temperature the 
greater is the vapour pressure. In the equation 

* ^ __ P _ 

Pi 

derived from the law of Clatisius-Clape3n:on, AT shows the rise of temperature 
needed for compensating the decrease of vapour pressure from po to pi caused 
by dissolution, and H is the heat of evaporation. 

In the wall of a clay-cylinder a solution of egg albumin was introduced by 
suction ; the cylinder was dried and put in a wider cylinder of glass, both being 
afterwards filled with the same solution of K4Fe(CN)8. The solution inside the 
clay-cylinder was heated by an electric current through an insulated roll of 
constantan wire, and the solution outside was cooled by putting the whole system 
in a refrigerator. After 3 weeks, the solution inside had diminished and that 
outside increased by 18 cc., the variation in concentration inside and outside 
being measured by titration with KMn04. 

Dr. G. S. Hartley (Harston) said: It was probably not the intention of 
Hutchison, Nixon and Denbigh to imply, by their careful negation of thermal 
osmosis in one particular system, that the phenomenon may not be real in other 
cases also and not in some cases perhaps of considerable importance. The 
phenomenon begins with the Soret effect in simple liquid solutions. In general, 
if a temperature gradient is maintained (without convection) in a solution, a 
gradient of composition is induced. It is important to appreciate that there 
is in this case no membrane artificially restraining equilibrium in one species. 
Both presumably are driven towards the colder region but, in the condensed 
phase, no appreciable movement is permissible. Movement of one component 
with respect to the other can occur, and is measurable, depending on the relative 
driving forces. The effect is thus a second-order molecular force effect and as 
such highly specific. No theory can yet predict in which direction oven, let alone 
to what extent, change of composition in any system will occur. The majority 
of recorded measurements are for salts in water. Here the salt increased the 
density of water and therefore, were it to migrate towards the warmer (upper) 
region, convective instability would neutralise the migration. Thus it appears 
tl]at s^ts move towards the cold (to varying extents) or do not move at all. In 
most cases the zero values are probably would-be negative values. 

Debye had reported large thermal diffusion effects in polymer solutions and 
Toms and the speaker had also demonstrated this. The latter preferred to call 
the process thermal “ migration,** as a real relative movement of the components 
of the solution was involved. Since the forces operating would be expected to 
increase with molecular size and more rapidly than the resistance coefficient, 
it was to be expected, and was found, that -thermal migration proceeded to a 
greater extent in pol3niier solutions than in simple solutions and at least as 
rapidly. Here it was of interest to note that the high -viscosity of the solutions 
so stabilised -the system against convection that movement of a heavier-than- 
solvent polymer to the hot region could be demonstrated. 

Since the effect increased with molecular size it -was entirely to be expected that, 
could the large molecules increase still further and become fixed as the matrix 
of a porous structure, the porous system would show -thermal osmosis in marked 
degree. The magnitude, however, and even the direction, of the process could 
not be predictable from any other known properties. The speaker thought that a 
curious and striking phenomenon very e-vident on disturbed chalk downland in 
frosty wea-ther, might be a naturally occurring case of thermal osmosis in a porous 
material. Lumps of chalk lying on the ground would be found to have a quite 
thick la3?er of ice on their upper surface. The ice -was glassy, not hoary, n nd did 
not form on a lump of chalk suspended just above the ground. The water did not 
therefore come from the air hut from the ground and presumably -through -the 
chalk. He had even seen “ stalagmites ” of glassy ice some 4 in. high^ected 
from turf and found on excavation to arise from lumps of ligh-tly buried chalk. 
Water ffow induced by a -thermal gradient seemed the most probable cause and 
would account for the specific occurrence on a particular porous material. 
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Dr. K. G. Denbigh (Welwyn) (communwatei) : In reply to Dr. Hartley, 
perhaps he had not made it sufficiently clear that he regarded the absence of 
any measurable thermo-osmosis of water across a sintered glass disc as being due 
to the heat efiect, 0*, of eqn. (12) as being negligibly small in this particular 
system. He agreed with Dr. Hartley about the gencrahty of the phenomenon 
and, in fact, the derivation of eqn. (12) did not depend on any specific properties. 
The magnitude of the thermo-osmotic effect in any particular system depends 
on the value of Q*. The molecular significance of this quantity is still by no 
means clear. 

It seemed that eqn. (12) could also be obtained by a method alternative to 
that used in the paper. Here the membrane itself was considered as the thermo¬ 
dynamic system under discussion and it was regarded as the seat of a Soret 
effect between the molecules of the diffusing substance and the immobile mole¬ 
cules of the membrane. This was probably the link between Dr. Hartley's views 
of the phenomenon and his own. 

An interesting example of thermo-osmosis which was being studied was that 
of CO s through a thin membrane of rubber. The rubber is permeable to the gas 
by a process of solution, and if the two sides of the membrane are maintained at 
different temperatures the gas passes through from the cold to the warm side 
at a steady rate. By using a closed gas circuit containing a bubbler, it was 
possible to demonstrate a circulation of gas round the system. This circulation 
seems to continue indefinitely. The efficiency of the system as a heat engine is 
very low. The pressure difference which is necessary to prevent circulation is 
quite appreciable and amounts to a few cm. Hg when the temperature difference 
is of the order of 10-20® c. 

Dr. R. K. Schofield (Harpenden) (communicated ): There is some confusion 
regarding the meaning of 9 in eqn. (i) in Child and George’s paper. In the 
sentence that follows we are told that, at a given height, the equilibrium value of 
P will vary with p and tt, so that (P — p —tt) is constant. This is only true for 
the state of complete equilibrium reached when the ionic activities have also 
become equal, e.g. by diffusion. A manometric measurement, as in the pressure- 
plate method of Richards, is not sufficient to give 9 as defined in eqn. (i). It 
can, however, be obtained from a sufficiently accurate measurement of relative 
vapour pressure in certain circumstances from the freezing-point depression. 

It is not correct to say that 9 determines the moisture content of a given 
soil; it is the suction ” which, apart from hysteresis, does this. The component 
of 9 due to free solutes as distinguished from ions held in the Gouy layers makes 
no direct contribution to the suction." 

Manometric methods using suitable membranes give the " suction " directly. 
To get the “ suction ” from the vapour-pressure or freezing-point depressions, 
we must subtract from the total reduction of free energy of the water the part 
due to free solutes. 

Dr. E. C. Childs (Cambridge) said: Pore geometry is complicated even for 
such an idealised medium as a set of uniform spheres in close packing, and 
precise interpretation of a moisture characteristic is impracticable. It is true 
that the moisture characteristic for decreasing moisture content indicates rather 
the size-distribution of the necks, whilst that for increasing moisture content 
may be interpreted as indicating the size distribution of the cells. The computed 
permeability curves here have been derived from the former, arguing that a 
large neck implies a large cell, although both reason and experimental evidence 
deny a strict proportionality. Since we handed in the present curves for 
publication, rising moisture characteristics have been taken and used for the 
calculation of permeability, and have 3delded permeability-moisture content 
curves which agree with experiment rather better than does that published here. 
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MECHANISM OF MOVEMENT OF SOLUTIONS IN PLANTS 
Introductory Paper 
By R. D. Preston 
Received ^rd March, 1948 

It has been an open question whether biology is to be classed with the 
more formal sciences of physics and chemistry and, indeed, whether it is 
to be classed as a science at aU and it is therefore a source of satisfaction 
that the Faraday Society has arranged this conference in such a way as to 
include one of the more fundamental aspects of plant physiology and cer¬ 
tainly the one with the longest history. The water relations of plants 
have been a subject of enquiry among naturalists, botanists and physio¬ 
logists as well as among physicists for at least 200 years and have been the 
direct progenitor of the study of osmosis following the first observations of 
plasmolysis made at the turn of this century by de Vries. During that 
time the physico-chemical aspects of water entry into a plant, of the 
distribution of water in plants and of its exit from plants in the form of 
vapour, have received intensive consideration. It is perhaps rather 
remarkable that after the original conception put forward in the early 
years of this century, that protoplasm behaves as a passive scmipermeable 
membrane, no attempt to substantiate this classical" view by experi- 
mentiil evidence was made until the work of Bennet-Clark and his 
collaborators in 1936. This is particularly strange since it was clear almost 
from the first that the entry of mineral salts does not follow the course 
that the laws of diffusion would lead one to expect. The work of Bennet- 
Clark, however, called immediate and forceftd attention to the complexity 
of water relations, and since that time the various aspects of non-osmotic 
flow in plant cells has received considerable attention and to-day we are 
to hear something of the position which these newer studies have reached. 
Undoubtedly movement of water or of aqueous solutions in tissues cannot 
be understood in any detail until the phenomena associated with single 
ceUs are resolved, but it is well at this time to bring under review the special 
problems which the complexity of tissues superimposes on those of single 
cells. The entry of water into, and passage through, tihe toot system 
involv^ mechanisms u-pon the nature of which there is no settled opinion. 
To this study, Lundegardh has made notable contributions; but never- 
thel^ it camot _ be said that his interpretation in terms of anion 
respiration ’* is universally accejrted, though a general connection of water 
movement with respiration is inmeated rather clearly m plant, as in animal, 
cdls. Simil^ly, movement of solutions through the specialised tissues of 
the phloern involves again special mechanisms and we welcome therefore 
the discussion by Crafts, who has over many years contributed notably to 
our knowledge in thk field. As regards the loss of water by plants, it is 
very probable that in the bulk of the higher plants water evaporation 
I^ovides the force which drives water from the roots to the leaves and the 
question of control of this transpiration is therefore a matter of some 
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moment. The stomatal mechanism lies clearly outside our present field 
of enquiry, but the question of control of transpiration by incipient 
drying ** of the cell membranes of leaf cells is clearly within the scope of 
this conference, and we are happy that van den Honert has drawn on his 
wide experience to bring clearly under review the various physical factors 
with which control of transpiration rates may be associated. It is to be 
regretted that, owing to an unfortunate accident in my own laboratory, 
we have no direct statements concerning the question of sap ascent, but 
it is to be hoped that van den Honert*s paper may lead to some discussion 
on this point. Finally, the papers by Lewis and Fogg are welcome reminders 
that we must not overlook the complexities in the evaporating surfaces 
of leaves. 

It is well beyond my province, and indeed my capabilities, to discuss at this 
time any of the numerous, and often controversial, physico-chemical approaches 
made in this series of papers, and it seems to me that my function is rather 
to give to the physical chemists, whose help we are hereby soliciting, some 
understanding of the general botanical background. 

Living plant cells consist of protoplasm containing one or more vacuoles 
(aqueous solution of salts, sugars, proteins, etc.) ; in the adult cell it forms 
an envelope of thickness var57ing from cell to cell, completely surrounding a 
large central vacuole. On the outside the protoplasm is itself surrounded by 
a wall composed largely of cellulose and pectin, though in a few living cells 
lignin may also be incorporated. The barriers to water entry into the cyto¬ 
plasm are therefore the cell wall and the protoplasm-wall interface, which is 
probably a multimolecular protein-lipoid complex ^ * stabilised by an atmosphere 
of ions (see, e.g., ®), and into the vacuole the additional barriers associated with 
the structure of the protoplasm and of the protoplasm-vacuole interface. All 
these may be regarded as porous bodies in so far as penetration by water is 
concerned. In general, the resistance of the cell wall to water movement is so 
small in relation to that oflered by protoplasm that it may be disregarded, 
though the wall has undoubtedly a part of some considerable importance to 
play in virtue of the resistance it offers to increase in cell volume. Classically, 
the driving pressure involved in water intake in a cell placed in water was the 
difference between the osmotic pressure of the vacuolar sap and the hydrostatic 
pressure set up by the resistance to extension of the cell wall. This net force 
is the so-called suction pressure and it would follow that a cell placed in a 
solution should so adjust itself that its suction pressure equals the osmotic 
pressure of the solution. The suction pressure should therefore equal the osmotic 
pressure of the vacuolar sap when the cell is plasmolysed (i.e., the hydrostatic 
pressure is zero), and zero when in equilibrium with pure water. It is on 
discussion of the former case that the work of Bennet-Clark is founded. As 
regards the latter, it is now quite clear that plant cells continue to take up 
water long after equilibrium might have been expected,* the suction pressure 
in, for instance, potato discs being still about 2 atm. even after eight days' 
immersion. This long-continued water uptake occurs only in the presence of 
oxygen so that, as was in fact indicated some time ago,® the respiratory 
mechanism is in some way involved. Neither the breakdown of starch to sugar 
nor the formation of new cells by division can account quantitatively for the 
effect,*® and this is equally clear in leaves,’ where a similar phenomenon occurs. 
Attempts have been made ’ * to explain the effect as a change in hydration of 

^ Danielli and Davson, J, Cell, Comp, Physiol,, 1935, 5 > 495 J Davson and Danielli, 
The Permeability of Natural Membranes (University Press, Cambridge, 1943). 

* Hdber, Physical Chemistry of Cells and Tissues (Churchill, London, 1947). 

* van Reine, Pev, trav, hot, n^erlandais, 1935, **, 467. 

* Reinders, Proc, Kon, Med, Akad, Wet,, 1938, 41, No. 7. 

* Brauner and Brauner, {a) Rev, fac, Sci, Umv, Istanbul B, Z940, 5, 266; (b) New 

Phyiol,, 1940,9,104; (c) Rev, fac, Sci, Univ, Istanbul B, 1943,8,30; (d) 3Biauner, 
Rev, fac, Sd, Univ, Istanbul B, 1945, 10, i. 

® Steward, Proc, Leeds Phil. Soc., 1928, x, 258. 

’ Mason and Phillis, Ann, Bot., N,S„ 1942, 6, 443. 

* Phillis and Mason, Ann. Bot,, N,S,, 1943, 7,147. 
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the protoplasmic colloids on the assumption that water uptake reflects cyto¬ 
plasmic swelling and not actual penetration into the vacuole, and this may 
obviously have a part to play. For this and other reasons which will be 
discussed by Bennet-Clark, Mason and Phillis reject the classical theory of 
cell water reactions. On the other hand, many workers (e.g., prefer to conceive 

of this non-osmotic flow as electro-osmosis involving the ^-potential of the mem¬ 
branes and a potential difference E between the inner and outer surface caused 
primarily by the diffusion of cations to which the (negatively charged) proto¬ 
plasm is permeable. This would readily harmonise with the respiration- 
dependence of water uptake, if it could be demonstrated, as appears likely in, 
e.g., frog's skin, that the potentials are maintained by energy transfer in the 
cell. The actual rate of water entry would then depend, not only on the 
product EK but on the size and distribution of the pores. Nothing unfortunately 
is known concerning pore size in protoplasm or in the membranes, but, whether 
the proteins of protoplasm are regarded as fibrillar (e.g.,*) or globular (e.g., the 
vitaids of Lepeschkin ^®), or a mixture of both, it is clear that pore size and 
its distribution will vary not only from cell to cell but in one and the same cell 
at different stages, and, in particular, a growing, or even a potentially growing, 
cell may have a configuration different from that in an adult cell. This is clear 
even from considerations of the molecular structure of the wall if we grant 
that structure in the wall reflects structure in the cytoplasm-wall interface, 
and is indicated in the work of Lepeschkin using the Plotnikow effect. There 
is, therefore, plenty of scope for wide variations in rates of flow such as are 
actually observed.* In spite of this, it seems unlikely that electro-osmotic 
effect can account in any quantitative sense for water intake. 

Turning to the question of active water movement through roots, the one 
central fact which still defeats explanation is the polar movement from outside 
to inside. There is a school of thought, chiefly in America (e.g., Eaton ^®) which 
treats the problem as purely osmotic, the driving force causing polar movement 
being the osmotic pressure difference between the sap in the central (dead) 
vessels and the external solution. It seems clear, however, that roots can 
exude sap when the external solution is osmotically more concentrated than the 
sap, as shown, among others, by Lundeg&rdh. Under these conditions the 
problem is how to pass water from the living cell of the root adjacent to a dead 
vessel into the vessel and it is difficult to see how anion permeability can effect 
such transfer. Possibly electro-osmotic effects are involved. 

While, however, exudation from roots is of considerable interest, its importance 
in driving water up the stems of plants should not be overrated, ^though 
roots growing in nutrient solutions can exert pressures of over 7 atm.,^* it is 
seldom that values greater than 1-2 atm. are detectable in roots growing in 
soil; and particularly in trees, where the problems of sap ascent are extreme, 
the contents of the vessels (long, open capillary tubes in the xylem, the tissue 
along which water passes) are demonstrably under tension. It is generally 
agreed, therefore, that the sap is drawn upwards from above, rather than pushed 
from below, the pressure involved developing from the evaporation from the 
leaves through the suction pressure of the living mesophyll cells of the leaf in 
contact with the veins. It is further generally considered that the tensions 
thus developed are transmitted to the roots through long, continuous water 
columns in the vessels * so that there would exist in the xylem long threads of 
water under tensions which have been estimated, from the comparisons with 
the rate of flow of water through stems under the action of a suction pump, 

• Frey-Wyssling, S%ibmikrosh(>pischa Morphologic efcs Protoptasmas u. seifier Derivate 

(Berlin, 1938). 

L^>esch]^, Protoplasma, 1940, 34,161; Proioplastna, 1943, 3^* 184- 

« Preston, (a) Ann. Bot., N.S., 1938, a, i; (6) Nature, 1941,147, 710; (c) Proc. Roy. 

Soc. B, 1947, * 34 * 

** Eaton, Amer. J. Sot,, 1943, 30, 663. 

» White, Amer, J, Bot„ 1938, 35, 223. 

* I am oonadering in the following the anatomically simplest case of the ring porous 
dicolyledoDs. 
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as of the order of 20 atm. This forms the so-called cohesion theory of Dixon 
and Joly, and Askenasy. Physically, however, there seems grave reason to doubt 
whether these liquid columns could long remain coherent and it seems inevitable 
that bubbles of water vapour would develop and expand, throwing the vessel 
out of action as a water conductor. Some time ago, in fact, it was shown 
that the majority of the vessels do probably contain gas, not liquid water, 
under pressures ranging from 0*4 to 0*9 atm. and that tiie only vessels which 
could contain continuous water are those which have just developed, lying 
therefore on the outer surface of the wood, and even there no tensions could be 
detected greater than about 3 atm. Huber and his co-workers (see, e.g., 1*) 
have estimated, using their thermoelectric method, that in ring-porous trees 
water moves upwards in the vessels at rates which can reach values slightly in 
excess of 40 m./hr. It is to be noted particularly that such figures refer only 
to the outermost surface of the wood. Taking a tree, say, 20 m. high, then in 
a vessel o*i mm. diam. this would involve a tension difference between the 
two ends of a vessel of the order of 2 atm., assuming Poiseuille*s law to hold. 
If the cohesion theory is to be retained, and it is difficult to conceive of water 
movement except as liquid in the lumina of vessels, then it would seem that only 
the outer vessels are active ; that as they age their columns break and their 
conducting function is taken over by the newer cells to the outside. The most 
significant observation which seems yet to have been made in this regard is 
that if the trunk of a tree is sawn through more than half-way from 
one side, and again from the other side a little lower down, then the 
tree survives, although all the putative water columns are broken. It should 
be noted that if, in fact, the only vessels which conduct water are those newly 
formed, then it is after all possible that the stem is not entirely passive. 

Turning finally to the movement of solutions do-wn the phloem (the inner 
face of the bark in trees), the difficulty here is that the movement of sugars, 
for instance, occurs some thousand times faster than it could by simple diffusion. 
The path of movement is almost certainly the sieve tubes—rather wide cells 
joined longitudinally end to end, whose end walls are perforated by a number 
of pores—and it is clear that along these channels diffusion alone is quite 
inadequate. The explanations which have been offered fall into two categories 
—one, that the movement is still diffusion, i.e., movement of individual molecules, 
but occurs in the cytoplasm-wall interface following the original observations 
of Schumaker with fluorescein, and the other, that the movement is a mass 
movement of solutions. In this latter category falls the suggestions of Curtis 
that the sugar solution is distributed through each sieve tube element by proto¬ 
plasmic streaming, diffusion being involved only along the pores in the 
end walls, and of Munch that mass movement occurs along the whole file of 
sieve tube elements under the influence of a higher hydrostatic pressure set up 
at the upper end of the file, in the leaves, by the high sugar concentration in the 
cells of the leaf mesophyll. The critic^ observation here, which any theory 
of movement must take into account, is that cut plants do not exude any 
detectable amounts of sugar when their cut ends are placed in water. 

To summarise, then, the centres of interest with which modem work is 
in the main concerned are four. Firstly, the nature of the non-osmotic 
mechanism involved in water uptake by cells; secondly, the cause of polar 
movement of water through the tissues of roots and its connection with 
the movement of mineral nutrients; thirdly, the question of the stability 
of water under tension in capillaries; and finally, the physico-chemical 
principles underlying the rapid movement of aqueous solutions in plants. 
In putting the issues squarely before physical chemists, as will be done in 
the papers which follow, it is certain that the botanists have much to gain ; 
^d if the interest of physical chemists is aroused in the complex problems 
involved then our purpose will be achieved. 

Huber and Schmidt, Ber, deutsch. hot, Ges., 1937, 55, 514 ; Tharandta foreU Jahrb,, 

„ 1937. 369* 

Curtis, The Translocation of Solutes in Plants (McGraw Hill, 1935). 

Miinch, Der Stoffbewegung in den Pflamen (Jena, 1930). 



NON-OSMOTIC WATER MOVEMENT IN PLANT CELLS 
By T. a. Bennet-Clark 
Received ist March, 1948 


A vacuolated plant cell when immersed in water attains a fixed size and 
in this equilibrium condition the solution inside the vacuole is compressed 
by the stretched cellulose cell wall. According to the classical hypothesis 
of cell water relations, the excess hydrostatic pressure of this solution equals 
its osmotic pressure, and, since it is also postulated that the protoplast 
membrane is semipermeable, the chemical potential of water in the vacuole 
and in the pure water phase outside are equal and no flow across the 
membrane occurs. 

Attempts to confirm this view by direct experimentation have been made 
in the last 13 years in many laboratories.^ ^ ® 4 6 6 7 8 Direct estimates of 
the excess internal hydrostatic pressure (h.p.) by mechanical means cannot 
be obtained with most cells or tissues because of the injuries which they 
suffer during experimentation. The tissues of thin and smooth leaves can, 
however, be compressed without very extensive injury. Fig. i shows the 

relation between volume of 


water expressed from leaves 
and the excess hydrostatic 
pressure resulting from appli¬ 
cation of a load normal to 
the leaf surface. The intercept 
of this curve on the abscissa 
gives an estimate of the excess 
H.P. at full turgor. 

An estimate of this function 
can also be made by causing 
outflow of water from the ceU 
by surrounding it with a 
solution of a non-permeating 
substance of sufficiently high 
Fig. I. osmotic pressure (o.p.). These 

so-called plasmolytic methods 
yield estimates of the h.p. at full turgor which are remarkably close to 
those determined by direct mechanical means. 

One can express sap, which is regarded as closely similar in composition 
to the vacuolar sap from the killed tissue, and the depression of the freezing 
point of tto sap gives a relatively accurate estimate of its o.p. The o.p. 
so determined is foimd to be markedly different from the h.p. determined 
mechanically or by plasmolytic methods. Results obtained in a number of 
laboratories confirm the absence of agreement, and some typical results are 
given in Table I. 



^ Bennet-Clark and Bexon, New Phytol, 1940, 39, 337. 

* Bennet-Clark and Bexon, New PhytoU, 1946,45, 5. 

» Bennet-CIajk. Greenwood and Barker, New PhytoL, 1936. 35, 277. 
*Brauner and Hasman, Rev. Fac. Sci. Vmv., Istanbul B, 1947, la, 210. 

* Buhmann, Proioplasma, 1935, 93, 579. 

• Currier, Amer. /. Boi., X944, 31, 378. 

^ Eaton, Amer. J. Bot., 1943, 3 ®/ 663. 

• Overbeek. Amer. J. Bot., 1942, 677. 
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Two types of explanation of these discrepancies have been offered; one 
(the present writer's) was that the internal hydrostatic pressure was due in 
part to an “ active pumping " of water into the vacuoles by the living 
protoplasts, a process which was compared with the quite definitely estab¬ 
lished active secretion of ions across the living protoplast. The other type 
of explanation regards the estimated values of o.p., or h.p. or both, as 
erroneous or faulthy interpreted and considers that the true o.p, and excess 
H.P., if these were determinable, would be exactly equal. 


TABLE I 


Plant tissue 
and author 

Hydrostatic 
pressure by 
plasmolysis or 
mechanically 

Osmotic 

pressure 

cryoscopically 

Remarks 

Fagus leaf 

Dizon .. 
Ursprung 

B.-C. and B 

35-40 

20-35 

12 

8 

17 

Tiee m Dubhn 

Tree in Ficiburg 

Alleged vacuolar sap 

Total expressed sap -{- solutes. 

Beetroot 

Levitt . 

B-C ei al 

10 7 

22*3 

17-5 

12 0 

10-5 

15-5 

12-0 

95 

Different varieties 

Rhubarb petiole 
B.-C. et al. 

7.7 

7-5 


Gossypium leaf 
M^on and Philhs 

22*8 

2-4 

Possibly water filtered through 
cytoplasm 

Calculated from figuie above 
and o.p. of alleged cyto¬ 
plasmic sap. 


t 

15*0 

Roberts and Styles 
Podocarpus 

sahgms 
Araucaria e\celsa 

^ 25-1 

38-0 

20*4 

25-4 



The observed discrepancies noted in Table I range from several atmospheres 
to virtually zero in a range of different tissues, which can be explained as 
due to variability in the errors or variability in the secretory activity of 
the living cells. Most of the investigators have been very fully aware of 
the sources of error noted below and have attempted to eliminate them. 

{a) The sap used for cryoscopic determinations of o.p, may be more dilute 
than true vacuolar sap owing to admixture with water or dilute solution 
filtered through undan^ed semipermeable protoplasts; or it may be 
diluted by admixture with water expressed from the csrtoplasm or cell walls 
(Currier ®); or it may be diluted by reason of adsorption of vacuolar contents 
on protein or on cellulose material of cytoplasm and cell wall. The first 
possibility is elimioated (at least in the writer's work) by freezing the tissue 
m solid CO 2 before expression of sap. The second possibility is clearly of 
importance where the cytoplasm/vacuole volume is large. Where it is 
sm^, as in beetroot tissues (Currier Bennet-Clark ^ al.^) in which this 
ratio may be from o-03-o*oo5, water pressed from the cytopksm must clearly 
have a nearly negligible effect on the concentration of expressed sap. The 
magnitude of the effect produced by the adsorptive capacity of cell wall 
and protein of the tissue is harder to assess but it appears Ukdy to be small. 
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(6) The plasmolytically-determined excess h.p. is liable to be too large 
if the first traces of plasmolysis are not noticed, or if they are obscured by 
the adherence of protoplast to cell wall, which will result in a dragging-in of 
the cell wall instead of the separation of protoplast from cell wall; such a 
caving-in of the wall is not easy to detect, but it occurs to a negligible extent 
in small or relatively thick-walled cells. It has been shown to be negligible 
in beet by the writer by comparing values of the h.p. based on observations 
of o.p. required just to produce recovery from plasmolysis, with o.p. required 
to produce limiting plasmolysis. 

(c) The plasmolytic value may be too large if the plasmolyticum penetrates 
through the protoplast into the vacuole. Occurrence of such penetration 
is, however, revealed by noting whether the vacuole volume of a cell 
immersed in plasmolyticum increases with time. Large non-polar molecules 
and ions have been shown to enter relatively slowly or not at all. 

{d) When tiie cell walls of a tissue are vety extensible, the H.p. at full 
turgor will be smaller than the external balancing o.p. at limiting plasmolysis 
by the fraction VJVu where these represent volumes at lunit-plasmolysis 
and full turgor respectively. 

These possible sources of error were carefully considered and attempts 
made to eliminate or make due allowance for them. There remained, 
however, considerable divergence between determined o.p. and h.p. of cell 
contents at full turgor. 

The view that this difierence is due to “ active secretion seemed 
reasonable enough until Levitt® pointed out the correct method for 
calculating the energy requirement for maintenance of an internal excess 
H.P. by secretion." He points out that the work done, W, is given by 

W = pavt, 

where ^ is the H.p. due to secretion in dynes/cm.® (i.e., atm. x lo®), a is 
the area across which secretion occurs, v is the velocity of diffusion of water 
outwards through the protoplast due to the excess internal h.p. and t is 
the time. If the internal h.p. is to be maintained, the mechanism must 
pump water in as rapidly as it is caused to diffuse out by the excess internal 
H.P. We can assign numerical values to these terms. 

The secretion pressure is usually between o and 5 atm. in beet; the 
area per gram of tissue (specific area A) is of the order of 240 cm.®. TTie 
velocity, v, for a given secretion pressure can be obtained if the water 
permeabili’ty is known. Permeabfiity is generally given in ^/hr./atm. 
Levitt cites from certain published figures, 20 x lO"* cm./hr./atm. as a 
reasonable value. So the work done in maintaining a secretion pressure 
of 5 atm. is 

W = 5 X 10 ® . 240.100 X 10-* = 12 X 10® ergs/g./hr. 

The heat of combustion of glucose is 3*75 cal./mg. or 15 x 10’ ergs/mg., 
and about 0-2 mg. glucose is consumed per gram of tissue per hour. The 
work done in secretion is 12 x 10® ergs/g./hr. and that available from 
respiration oidy 30 x 10® ergs/g./hr. So as Levitt states, it looks at first as 
though there is quite madequate energy supply. 

There is, however, great doubt attaching to the assigned magnitude for 
the permeability of 20 x lo”® cm./hr./atm. Huber and H5fier obtained a 
value of this order (actually 33 x lO”*) by observing rate of shrinkage of 
cells of Salvinia immersed in various plasmol3^ca. These were long 
cyHndiical ceDs with lengths 8-12 times their diameters. The protoplasts 
on plasmolysis are found to be cylinders with hemispherical ends. Huber 


• Levitt, Plant PhysioL, 1947, 5 i 4 - 
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and Hofler^® found that these long cylinders frequently broke into two 
parts of very unequal size and when this happened the rate of shrinkage 
of the two parts was roughly equal (expressed as water loss/unit gradient/ 
min./paxt-c^), although tiie surface area of the larger segment may greatly 
exceed that of the sinaller. The only simple explanation of the data and 
that accepted by Huber and Hofler is that almost all the water enters the 
plasmolysmg protoplasts through the hemispherical ends which have 
separated from the cell walls. Their permeability constant (33^/hr./atm.) 
is calculated on this assumption; clearly, if one were to assume equal 
outflow over the whole surface which is 10 times larger, the permeability 
would be of the figure cited above. 

But it is also clear that, if almost all the water lea\dng the shrinking 
protoplast goes through the hemispherical ends, the part which is stiU 
adherent to the cell walls must have a permeability considerably less than 
^ of the determined permeability of the hemispherical ends. A permea- 
bflity of the adherent portion equal to 0*01 of that of the ends would still 
permit 10 % of the total outflowing water to pass through the adherent 
portions. It seems Iflsely then that the figure for the velocity, v, in the 
expression, W == pavt, is 100 to 1000 times too large for a normal intact 
cell. Substitution of a correct value would reduce the work done in 
maintenance of the secretion pressure to 12 x 10® or 10^ ergs with respiratory 
energy totalling 30 X 10®, of which clearly only a small fraction could possibly 
be available for “ secretion.*' Figures for the permeability of the plant 
protoplast given by other workers all refer to protoplasts detached from 
cell walls; for example, isolated onion protoplasts 20 ^/hr./atm. (Levitt 
et al.^), Fmm eggs 10-20 fi/hx.lBtm. (Resflhr^®). It is important to 
attempt to evaluate the permeab^ty of the adherent protoplast and to 
find out something of the causation of permeability differences occurring 
when the protoplast becomes detached. No precise data are available at 
present. If a secreting mechanism is present it can only be effective in 
producing a high excess h.p. when the permeability is low. 

Other water-secreting activities are claimed to occur in certain plant 
tissues. An excess h.p. develops in the xylem of roots which exceeds the 
o.p. of the xylem contents if the roots are respiring normally, but this 
secretion pressure falls to zero if respiration is interfered with by poisons 
or removal of oxygen. One proposed mechanism of water secretion is 
electro-osmosis, or possibly, one should say, anomalous osmosis. 

The relation between electro-osmotic flow, or pressure generated when 
flow is prevented, and field strength, pore size and z^-potential and viscosity 
have been work^ out in classical studies of Helmholtz and Smoluchowski 
for those conditions where the pores are laige in diameter relative to atomic 
dimensions. There are no data, theoretical or experimental, for the system 
in which a bimolecular (or paucimolecular) oil-film is placed transversdy 
to an electric field. Since bio-electric potentials of the order of up to 50 mv. 
have been observed between the inner and outer faces of the protoplasts 
of vacuolate plant cells and the thickness of the insulating plasma membrane 
is of the order of 50 x lO"® cm., the field strength is possibly very great. 
Plant physiologists hope that this theoretical problem may be taken up by 
physical chemists. 

Attempts have been made by the writer and by Brauner* to obtain 
evidence on the possibility of an electro-osmotic component of the water- 
intake mechanism of plant cells by comparing effects of non-electrolytes 

Huber and Hdfler, /. wiss. Bot,, 1930, 73, 351, 

“ Levitt, Scarth and Gibbs, Protoplasma, 1936, a6, 237. 

“ Resflhr, Protoplasma, 1935, 24, 531. 
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and electrol3rtes in producing shrinkage of tissues. The writer's procedure 
was to transfer cells plasmolysed in one solution (onion epidermis commonly 
used) to another having the same o.p. The expectation from the classic^ 
theory, that there would be no change in vacuole volume provided that the 
solutes were non-permeating, is not realised. Fig. 2 shows the sort of results 

obtained; the equilibrium 
volume of the vacuole in 
KCl is smaller than in iso¬ 
tonic sucrose; a very striking 
increase in volume followed 
by a decrease to the equi¬ 
librium value occurs when 
cells are transferred from 
electrolyte to non-electrolyie 
and a similar reverse change 
occurs on return to isotonic 
dectrolyte. 

Brauner with a quite 
difEerent technique showed 
that tihe extent of shrinkage 
in weight of potato tuber 
tissue was less m sucrose 
than in KCl solutions of equal o.p. He considered that in the KCl 
solutions the ^r^^dt-potentials in membrane pores would be much reduced and 
the electro-osmotic component of the water-intake mechanism would be 
almost eliminated. In sucrose, the existence of the electro-osmotic 
component caused the water content to be larger. 

This explanation could be applied to the onion data, though a slightly 
different attempt to explain them in terms of anomalous " electro-osmosis 
was originally put forward- It should be emphasised that the conception 
of ^ffito-potential of the pore of a membrane may not be strictly applicable 
to the routes by which ions and water molecules penetrate bimolecular 
oil-films. 



Fig. 2. 
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A membrane potential would need to be maintained across the protoplast 
if this electro-osmotic component is to be permanent, and this one expects 
to be generated by metabolic processes. It is a first guess that the difEerent 
ledox potential at the inner and outer sides of the membrane might TriginfgiTx 
the dectrical asymmetry. We are tryxog to eliminate this gradient by 
bathing the outside of tissue with ascorbic add. The effect, as seen in 
Kg. 3, does seem to indicate a reduced water-intake activity induced by 
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such treatment of beet tissue, but the interpretation of this effect is still 
difficult since ascorbic-oxidase poisons seem to have little effect on the 
phenomenon. 

It is still by no means certain to what extent secretory activities influence 
water movements through plant tissue. The writer considers that the 
evidence, on the whole, supports the view that secretion across the cytoplasm 
of individual cells occurs, the excess hydrostatic pressure or negative 
difiusion gradient generated wiU depend on the water permeability of the 
protoplast and one can expect this to be very small in the case of plasmolysed 
protoplasts whose permeabilities are large. The adherent protoplast will 
be capable of maintaining much larger negative gradients. Adequate 
discussion must await a more complete theory of phenomena of diffusion 
through oil-films. 

King*s College, 

Strand, W,C,2, 


ON THE MECHANISM OF ACTIVE MOVEMENT OF WATER 
AND SOLUTES THROUGH PLANT ROOTS 

By H. Lundegardh 
Received 26th January, 1948 

The transport of water against an osmotic gradient is a fundamentally 
important process in the hfe of cells and organisms. The bleeding of a 
decapitated plant is the visible sign of a mechanism which pumps water and 
solutes from the medium surrounding the roots to the upper parts. The 
belief of several investigators that water is pumped into the roots owing to 
an osmotic suction from the sap (which always holds salts) is contradicted 
by the fact that the bleeding can continue if the osmotic value of the medium 
is raised above the osmotic value of the ascending sap.^ 

The force by which water is exuded from the top of the root system is 
determined by the osmotic value of the medium at which the bleeding stops.® 
The relation between the intensity of the bleeding [Q = quantity of sap 
given off per time unit) and _Ae osmotic value of the medium (Pq) obeys the 
empirical formula Q = k{\/Pi — V^o)* ^ formula, k is a constant 
and Pi is the “ power of bleeding." At ^ zero, P< = Pq. 

The movement of water against an osmotic gradient can be brought about 
in several ways. Potential differences may be a source of energy, e.g., in the 
phenomenon of electro-endosmosis. Owing to the presence of potential 
differences at protoplasmic interfaces,® such phenomena probably are very 
common in the organism, but they are certainly not responsible for the sap 
movement from the roots. Another source of energy is the respiration 
mechanism transporting salt ions (" anion respiration ") because OH ions 
may be transported simultaneously with anions of acids. But the low 
dis^iation of water holds this ionic transport of water on a very low level. 
Most cases of real sap movement no doubt are conducted by osmotic forces. 

^ LuudegSxdli, Arktv, Bot, Kungl Svensha Vet, Akad,, I943» 3 *^ 2, 

* Lundegairdli, Arktv, Boi, Kungl Svenska Vet, A had,, 1945, 3«A, Nr. 12. 

* Lundeg&rdh, Ann, Agrtc, CoU,, Sweden, 1940, 8, 253. 
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The diagram in Fig. i illustrates the osmotic conditions of the plant cell 
The right limb of the U-tube represents an osmotic cell, covered by a semi- 
permeable membrane M and closed by a piston carrying the weight T, which 
symbolises the turgor tension of the cell wall. The left limb of the tube contains 
pure water. The black dots symbolise the number n of osmotic particles, osmotic 
equihbrium being attained when so much water is sucked in through M that the 
osmotic pressure is balanced by T In this situation each osmotic particle 

is surrounded statistically by a portion 
^ ^ water in the cell. T being 

I. constant, water is pumped out from 

2 the cell, if the osmotic value is low- 

_ ered, either by exudation of osmotic 

particles (Case b) or their disappearing 
within the cell (Case c). Both cases 
realised in the bleeding of wheat 

EiGrT-Scheme ot the osmotic funda- roots.* It ap^ars from Fig i that tte 
mentals of bleeding. of bleeding is identical with the 

turgor pressure of the exuding cells. 
Fig. I illustrates the outgoing branch of the sap stream. But the root simul¬ 
taneously pumps in water (and solutes) from the medium. This process, of 
course, is the reverse of the former one, viz., each particle absorbed by a turgescent 
cell with elastic wall is accompanied by a quantity of water which corresponds to the 
quotient {n water molecules) / (n osmotic pa^cles) at eqmlibrium. The quotient 
varies approximately inversely as the osmotic pressure of the cell. An exact treat¬ 
ment of the problem must include corrections for the elasticity of the wall, van der 
Waals* forces, hydration of the protoplasm, etc., but this is not needed for our 
presentation of the fundamentals of the problem. It is sufficient to know that 
each osmotic particle taken up, or given off, from an osmotic cell carries with itself 
a quantity of water which is large, if the cell has a low pressure, and is small, if 
the osmotic pressure is high. 

The continuous flow of sap in one direction 
necessarily implies a sort of valve mechanism, \ 

viz., an anisotropic structure of the tissues \ 

Water must be taken in at one side and sap \ 

given off from another. And the energy- \ 

delivering process must be in some way ‘ \ ^ 

connected with the anisotropic structure. A 

large number of physiologists, from Pfeffer 1 W 

(1897) to Munch (1930), ascnbed the one- g 

sided flow of sap to permeability differences. ^ 

If one side of a cell lets out osmotic substance, ^ 
sap must be exuded from this side. This is our 
Cs^e B in Pig. i. Now a higher permeability 

doj^ not necessarily mean a general leakage of | /)ouns, 2 4 6 

solutes. It may be restricted to an increased ----' 

exchange of ions from charged points of an Fig. 2. —Slow decrease of the 
amphoteric protoplasma membrane.* Or in bleeding under anaerobic con- 
other cases, as in the nectaries, sugar molecules ditions. Alter (r), expt. rs 
may be pr^eiably exuded. 

The exudatioii of salt ions and water in the ascending sap stream of the roots 
is a more passive process, because under no circumstances was the exuded 
sap found to be more concentrated than the cell content of the root tissue.* 
That no oxygen respiration is heeded for the outpouring of sap may also be 
gathered from the fact that bleeding continues for some time from roots under 
anaerobic conditions or after treatment with HCN or NaN, (Fig. 2). The 
direction of the sap flow must on the other hand be guided by local differences 
in the permeability for aolut^ (Case b in Fig. i), or for water (Case c), or for 
both. How the anisotropy in respect of the permeability is realised cannot 
be discussed here. Obviously the result would be the same, if the transverse 


/W/y. 2 _ 4 _6 

Fig. 2.—Slow decrease of the 
bleeding under anaerobic con¬ 
ditions. Alter (i), expt. 13 


, * active and passive axe used in the common mfianing of processes which 

mvohre an increase or a decrease of energy, respectively. 
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protoplasma membranes of the conducting tissue were provided with a valve 
mechanism similar to the structure of those membranes which let water and 
solutes through more easily in one direction than in the reverse. All questions 
of polarity touch on these problems. 

If the exudation of sap is a passive function, the ingoing flow must imply 
active work. Each molecule of water entering a fully turgescent cell (osmotic 
pressure = wall pressure) needs a supply of osmotic energy. This energy may 
be delivered by metabolic processes, e.g., the decomposition of one large molecule 
into two smaller ones within the cell, or by active absorption of solutes from 
the outside. Metabolic osmotic energy is produced, e.g., in the hydrolysis of starch 
or in the glycolysis. In photosynthesis, COj is absorbed from the outside. Its 
reduction and condensation to sugar again releases osmotic energy. Such cases 
of Drucksirdmung have been discussed at length by Munch.* 

In the roots the active pumping mechanism is connected with the absorption 
of salts from the medimn. The anion respiration here provides the necessary 
energy.^ This respiration mechanism is not restricted to the epidermis only. It 
wor;£ through the whole cortex and pushes anions (and consequently also 
cations) upwards and inwards to 
the same degree as salts are released 
from the cortex to the ascending 
sap stream. With continuous supply 
of potassium nitrate to roots of 
wheat, K+ and NO; are uniformly 
stored in a zone 30-roo mm. from 
the tip. Owing to the localisation 
of outflow of sap, preferably to 
a zone 10-30 mm. from the tip 
the NOJ" concentrationis consider¬ 
ably lower here. Also the nitrate 
assimilation contributes to the 
lower level in the tip zone. If the 
roots are transferred to distilled 
water they continue to bleed a 
dilute salt solution, as a consequence 
of which the stored quantities now 
move down to the area of exudation 
(see Fig. 3) until the bleeding stops 
from exhaustion of salts. The 
intensity, however, is increased 
again if the root system is replaced 
in a salt solution. 

The experiments quoted in Fig. 3, 
and the investigations of Machlis ® 
on roots of barley, teach us that all 
cells of the cortex—^and this tissue 
comprises ca, 90 % of the root mass—^are provided with the mechanism of ion 
accumulation. As exudation occurs from and through the same cells, the balance 
between ingoing and outgoing solutes obviously forms a steady state and the level 
of accumulation is a measure of the mutual intensities of the active up-hill reaction, 
viz., the anion respiration, and the passive down-hill process, viz., the sap 
out-flow. The two counteracting groups of reactions may, of course, be tuned 
at difierent levels in different parts of the root; we already mentioned this 
circumstance in discussing Fig. 3, 

The dominating role of the movement of salt anions is illustrated by the fact that 
the bleeding gradually ceases in Nj or HCN and this is accompanied by inhibited 
exudation of anions. The decreasing bleeding from roots, placed in solutions 
of glucose, is apparently caused by the disappearance of nitmte ions—^the most 
ea^y transporteible ones—owing to the protein formation—^from sugar and 
NO,". The relation between the intensity and supply of salts from the exuding 


/5 



mm from tip. 

40 80 , 

Fig. 3.—The content of K+ and NO7 in 
different zones cjf wheat roots, 1 day after 
the change of nutrient solution, or 4 
days after transfer to distilled water. 
After (2), Fig. 2. 


* Mfinch. Die Stoffbewegungen in der Pflanze (Jena, 1930). 
® Machlis, Amer, J. Bot., 1944, 31, 281. 
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tissue is illustrated by a number of experiments with varying nutrition,* using 
2-3 weeks-old seedlings of wheat. 

The writer previously assumed that the ascending sap was conducted in the 
central vessels of the stele right from the starting-point in the zone behind the 
growing root-tip. James and Baker several years ago ® published some experi¬ 
ments, on the basis of which they developed the idea that the active sap stream 
from the roots is conveyed exclusively in the parenchyma, the vessels playing a 
more secondary role, except as channels for the transpiration stream. In order 
to test this hypothesis some new experiments were performed. 

Transverse sections of the wheat root (see Fig. 4) show that the protoxylem 
is developed in the growth region, ca. 2-3 mm. from the tip. Also the large 
central lacuna, which forms a wide channel through the root, originates in tins 
region. The large vessels of the octarch root appear at a height of some 15-20 mm., 
but the secondary thickening of the walls of the endodermis are not yet devel¬ 
oped. The U-shaped thickenings appear at a height of ca. 30 mm. (Fig. 4 c) 
and are well develoj^d at 57*5 mm. (4 d). All cells of the stele, except the eight 
large vessels, are living at least up to a height of 60 mm. The elements of the 
stele are not separated by intercellulars and the vessels are filled with water. The 

cortex has plenty of intercellular channels, 
but the transverse walls are intact, and 
according to the remarkable length of the 
cells—^which makes them well adapted to 
conducting purposes—^their tangential con¬ 
tact surfaces are sufficiently large to permit 
communication with the stele in a radial 
direction. 

The anatomical structure of the root does 
not give the impression that the sap stream 
is confined exclusively to the cortex. The 
carbohydrate nutrition of the root also 
suggests an intimate communication between 
the phloem of the stele and the cortex. 
Participation of the phloem in the ascending 
sap stream is very improbable, because the 
bleeding sap is completely devoid of organic 
substances, even under anaerobic conditions. 
The wheat root thus fits into the classical 
scheme of the differential function of xylem 
and phloem. The fact that the cortex is 
partly disorganised in the older parts of the 
root (from the zone of secondary roots 
upwards, e.g., in wheat at a height of ca. 
40-50 mm.) also fails to support the belief 
that the elements of the stele are not endowed with the transport of bleeding 
sap to distant places (“ long line transportThe main question will ^ he n be 
the role of the cortex in the lower parts of the root. 

Several auikom hold the view that the growing root hairs are the chief instru¬ 
ments of active ion absorption. This is obviously not the case, because all cells 
of the cortex up to a height of at least 100 mm., together with the epidermis, 
accumulate salts. R^t hairs can increase the surface of the root by 20 times, 
^d growing root hairs frequently occur several centimetres from the tip, but 
lhas enlargement of the interphase between the root and the medium is primarily 
impoiiant for absorption from the soil. It is well known that seedlings 
growi^ in nutrient solutions bdtiave very capriciously in respect of root hairs 
and that this fact does not appreciably afiect the supply of nutrient ions 
In three series of experiments the bleeding was measured before and after the 
lower of roots were cut off at different heights (Fig. 5). The results are 
sdsematk^y summarised in Fig. 6 a and b. The cutting was made by means of 
scissois (a) or a razor-blade (b)* In series a the removal of the growing root tips 
\ 2 r 5 no effect, i.e., the bleeding continues at the same speed (i.e., 100 %). 



FIg. 5.—The reaction of the bleeding 
to cutting off parts of the root 
ends (method of measurement, 
see (2), Fig. ii). The roots were 
successively cut off at the height 
of 2, 13, 24 and 35 mm. from 
the tip. 


• Jaiaes aad Bater. New jPkytoI., 1933, 3*. 315. 



Fig. 4.—^IVIicrophotographs of transverse sections of wheat roots, stained in 
safranine-gentian violet, a == section 2-5 mm. from tip, b — sj’S mni. 
from tip (X 100). c = 37*5, d = 57’5 inm. from tip (X 250 and X 500 
resp.). Black spots — nuclei. 
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The removal of 15 mm. lowers the bleeding to 72 %. If 25 mm. of the root ends 
are cut off, on an average only 12 % of the bleeding intensity was left. Cutting 
off 30 mm. of the roots stops the bleeding completely. In series B the decline 
is more rapid ; removal of the tips {5—6 mm.) caused a decrease to 76 %, at 
15 mm. to 55 %, and at 20 mm. to 30 %. 

The discrepancy between a and b is probably due to the fact that cutting 
by scissors squeezes the vessels and the central lacuna, thus impeding a back-flow 
of sap. A sharp razor-blade leaves the vessels open so that a part of the bleeding 
sap can escape the wrong way. This conclusion is supported by some experi¬ 
ments with the root ends killed in alcohol (Fig. 6 c). The vessels remain in this 
case closed completely. If 20 mm. of the ends were killed the bleeding still 



Fig. 6. 


Fig. 7. 


Fig. 6.—Schematic summary of four series of experiments on the bleeding of 2-3 
weeks'-old wheat seedlings, taken from nutrient solutions and placed in distilled 
water. The roots were cut off at different heights. The corresponding change in 
the bleed^ was calculated in % bleeding of Qie intact roots at the beginning of 
the experiments. A *= roots cut with scissors, b = with razor-blade, c «= the roots 
partly killed by alcohol, D roots submitted to an extra suction of 150 mm. Hg. 

Fig, 7.—Scheme of the probable course of active sap movement from the absarbing, 
surface of the root through the cortex, to the stele and to the growing tip. 


amounted to 45 %, whereas series b only to 30 %, These experiments support 
the conclusion that a minor part of the bleeding sap is conducted in the central 
vessels. The main part of the sap stream, however, is obviously flowing in the 
cortex, at least up to a height of 25 mm. The bleeding activity reaches its 
ma x imu m in the zone 15-25 mm. but stops already at ca, 30 mm. height. This 
figure coincides with the first appearance of the vegetation points of the secondary 
roots. The cessation of the bleeding in the zones above 30 mm., after the removal 
of the whole root ends up to this height, is not caused by an increased back-flow 
through the vessels. If the secondary roots are well developed they take the main 
part of the bleeding (in one case 80 %), even if the main root is cut off at 30 mm. 

The vessels of the root, including the central lacuna, f oim continuous capillary 
tubes, covering ca. 1-1*5 % th^ total area of the transverse section (the stele. 
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inclusive of endoderaiis, covers lo % at a height of 2*5 mm., and 15 % at 37*5 
mm.). These tubes satisfy fairly high demands from the side of the transpiring 
leaves. Already a suction pressure of 100-170 mm. Hg accelerates the ascending 
stream of water several times (cp.*). Even if 25 mm. of the root ends are cut 
off, 90 % of the quantity of water, which under identical conditions is conducted 
through the intact root system, is sucked through (see Fig. 6 d). The small 
declme of 10 % is obviously caused by the omission of the active component 
of the “ transpiration ” stream. 

The last-named experiments clearly show that the resistance to the bleeding 
stream must be very small. That so little of the bleeding sap is lost under 
these circumstances through the open vessels suggests that the ascending sap 
is largely under the influence of living cells, at least up to a height of 30 mm. 
The power of active transport of these elements—^both in the coitex and in the 
stele—is lost at about 30 mm. This fact does not tell us anything about the 
abihty of the cortex to conduct sap passively even at higher levels, but it seems 
more likely to assume that the ascending sap is largely brought over in the stele 
during its transport above the 30 mm. limit. 



\-ZO 

Fig. 8.—^The retarding effect of p-indole 
acetic acid on the growth of wheat 
roots. The two highest concentrations 
(in mol ./I.) as sodium salt. 



Fig. 9.—The bleeding after transfer to 
solutions of ^-indole acetic acid 
(mol./l.) 


The fact that the transporting power of the root tissue has its maximum— 
as fer as the ascending sap concerns—^in a zone ca. 15—25 mm. from the tip must 
be considered in the light of other facts which point to a branching-off of the 
stream in the direction of the apical meristem. As a matter of fact, the cutting-off 
of the 2-5 mm. tip zone in some experiments raised the bleeding above the 
value for intact roots (this was the case in the experiment shown in Fig. 5 ; the 
increase here amounts to 24 %). There is probably a reversal of the polarity 
at a height of ca, 5-10 mm. (see Fig. 7) so that this zone forwards salts in the 
apical direction, to the growing tip, a fact which is also seen in the distribution 
of 10ns (see Fig. 3), 

1^- 7 gives schematically a summary of the results of all experiments. The 
active absorption of ions and water is going on from ca, 5 mm. to ca 30 mm * 
the a^rption power at Mgher levels, up to 100 mm., does not appreciabiy 
contribute to the ascendit^ sap stream. Near the tip zone the ingoing sap 
branches off m a descending stream which furnishes the meristema wiliisalts 
Some “extra water » is obviously here again released into the medium thus 
worlang agam^ the ascending stream if intensive growth occurs. The domi- 
nati^ sending branch of the sap stream works along two gradients The 
longitudinal component sends a stream upwards through the cortex, the trans¬ 
verse component transports salts and water to the stele and partly releases 
them into the vessels. To what extent the living elements (pericykel 
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xylem parenchyma) of the stele participate in the polar movement of solutes— 
the phloem stream is not considered here—^we do not know, but the experiments 
do not support the extreme hypothesis of James and Baker,® who deny any 
function of the xylem in the transport of the ascending actwe sap stream. On 



Fig. 10.—^The influence of sodium azide on growth and bleeding. 

the other hand, the results do not support the earlier view that the stele is the 
tube of an osmometer, whose working body is situated near the tip of the root. 
The transverse component of the sap stream might be controlled by an O* 
gradient in the direction of the radius 
of the root,® ’ but there also exists a 
polarity in a longitudinal direction 
which must have other causes and 
an active transport of ions to the 
meristema of the tip. The latter 
branch of the longitudinal component 
takes only a minor fraction of the 
total sap, a fact which is also demon¬ 
strated by the inability of factors 
(e.g., pH), which severely affect the 
gro\vth intensity, to change the course 
of the bleeding. The bleeding is 
practically independent of the pH down 
to ca. 3. Below this point the roots 
are killed after some time and this 
means a decrease of the bleeding at pH 
values of 2*5-2*9. The slow develop¬ 
ment of this reaction is probably due 
to the ef&cient buffering capacity of 
the wheat roots. As the bleeding 
continues some time after the death 
of the epidermis, this tissue and its 
active absoption is obviously not the 
site, or cause, of the sap exudation. 

In 10-* NaOH (pH = ca. 10) the 
bleeding decreases to 60 % in 30 min. 

In this case the growth behaves simi¬ 
larly. The growth was measured 
at intervals of 4 min. by means of 
a film camera coimected with a 
microscope. 

The growth of wheat roots is retarded by concentrations of p-indole acetic 
acid (i.a.a.) higher than ca. lor^® mol./l. (see Fig. 8). Also the bleeding is retarded 
by i.a.a. but the limit is here ca. xcr^ (Fig. 9), At 10-’, a slight acceleration is 

’ Lundeg&rdh, Nature, 1946, 157, 575, 
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noticed, lo-* retards strongly, and in lo*^ the bleeding is completely inhibited 
after one hour. The stronger solutions discolour the roots and severely affect 
the protoplasm. According to recent investigations,® auxin interferes in some 
way with the C4 acids of the respiration mechanism. Also malonic acid, a specific 
inhibitor of the succinic acid dehydrogenase, and of the intermediate stages of 
respiration, does not influence the bleeding until the concentration is raised to 
5 X io“® mol./l. at pin = 3. The comparatively slight retardation [ca. 60 %) 
of the bleeding can, of course, also depend upon the low Machlis,® one of 
the few who have been successful with malonic acid inhibition of plant respiration, 
got appreciable retardation only in concentrations above io“®. 

These experiments, together with earlier ones concerning the bleeding under 
anaerobic conditions (Fig. 2), clearly show that the active sap movement in the 
root is regulated by the aerobic respiration of the out-grown cells. In all experi¬ 
ments the effect of inhibiting agents 
develops slowly, whereas, eg., the 
inhibition of the aerobic respiration 
or of the anion respiration almost 
immediately affects the growth 
(see Fig, 10) or the active transport 
of anions. This fact, together with 
the observed composition of the 
sap, supports the conclusion that 
the release of sap is an anaerobic 
process and that the final cessation 
of it is caused by the inhibition of 
the up-hill process, viz., the anion 
respiration, which furnishes the 
cells with the chief osmotic material. 
This process is checked by HCN 
and NaNa and these agents also 
cause an inhibition of the bleeding 
similar to that obtained after the 
exclusion of oxygen (Fig. 10, 2). 

The aerobic fundamental respir¬ 
ation,*' which is not inhibited by 
HCN or NaNs, can of course also 
supply some osmotic energy, e.g., 
by combustion of glucose ('‘extra 
water”), by the production of CO, or organic acids, etc. The transport 
of glucose is not restricted to aerobic conditions.® It deserves attention 
that the primary effect of HCN and NaN3 is a slight temporary 
stimulation of the bleeding, followed by the above-mentioned slowly 
developing inhibition (Fig. ii). A similar effect on the respiration has been 
observed by the writer (see^®, Fig. 12) and Machlis.® The stimulation might 
be caused by the release of processes which are blocked by the C3rtochrome- 
cytochromeoxidase system, and which increase the exudation of “ extra water ” 
and bicarbonates of cations, which are still accessible despite the inhibited 
active transport of anions, 

•Commoner and Thimann, /. Gen* Physiol*, 1941, 24, 279, 

®Lundeg&rdh and Burstrdm, Ann* Agric* Coll*, Sweden, 1944, 12, 51. 

Lundegirdh and BurstrOm, Biochem, Z*, 1935, *77, 223. 



Fig. 12.—^The effect of rising concentratioiis 
of KCN on the respiration and nitrate 
absorption of wheat roots. From (xo). 


WATER TRANSPORT IN PLANTS AS A CATENARY PROCESS 
By T. H. van den Honert 
Received vj&i February, 1948 

In treatises on rates of transpiration and water transport in plants, con- 
-siderations axe mostly confined to a part of the system involved. Some 
•deal with the intake of water by roots, some with the transport through 
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the xylem, others with the transpiration from leaves and then consider 
the factors influencing the water transport through the respective parts. 
In several publications, attention is given to the resistance met by the water 
transport in the different parts and, sometimes, a comparison is drawn 
between resistances in root cells and vessels, or between that in veins and 
leaf parench3nna. But comparatively seldom one finds water transport 
treated as a whole and attention paid to the interaction of all parts of the 
entire system. 

When I consider the transpiration stream in Phanerogamic terrestrial 
plants as a catenary process, I shall explicitly confine myself to the passive 
part of it. Active (secretion) processes will be left out of accoimt; in 
addition, the correctness of the cohesion theory will be taken for panted 
and considerations confined to steady-state conditions. Leaf and air tem¬ 
perature are assumed to be equal and water is assumed to be plentiful among 
the roots. Cuticular transpiration will be neglected. Even with these simpli¬ 
fications, one does not deprive water transport of all of its problems. 

In a plant, in which the transpiration stream has acquired the " steady- 
state " condition, the same quantity of water per hour passes successively 
through [a) the living root cells, {b) the xylem vessels and tracheids, (c) the 
living leaf cells, {d) the intercellular spaces of the leaf, the stomata and an 
air layer around the leaf. This part, in which water is transported in the 
form of water vapour, will be referred to as the gaseous part.*' Through 
every single part, the transport is governed by a " potential difference " 
at either side and a resistance in between. 

In the living tissues {a) and (c), the potential difference " is evidently 
the difference in value of what is called by different authors suction force,^ 
water-absorbing power,® suction pressure,® suction tension,* effective (net) 
osmotic pressure,® turgor deficit,® and diffusion-pressure deficit.^ This last 
term seems to have some advantages as it does not refer to any special 
mechanism and may indicate the “ water-potential deficit" of a solution, 
a living cell, a xylem vessel under tensile stress or a relative humidity. So 
I shall use it henceforth, abbreviated to D.T,D. Its value will, as usual, be 
expressed in atmospheres. 

If, through a living tissue, water is transported under the influence of a 
D.P.D. gradient, it meet a resistance. It is essentially a resistance met 
by fluids, when streaming through capillary tubes, which are here of 
colloidal dimensions. For ^e moment it may be left undecided whether the 
main transport takes place through the living protoplasts or through the 
cell walls.® 

In the conducti]^ xylem vessels and tracheids, the water moves under 
influence of a tensile stress. The “ potential difference ” is here an actual 
pressure or tension difference (which again may be expressed in atmospheres 
suction tension or D.P.D). The resistance met is of the same nature as before, 
but the capillaries are much wider and also many times longer. 

From the interface between chlorenchyma cells and intercellular spaces 
up to the free circulating air around the le^ [d), water transport is a diffusion 
of water vapour. The " potential difference " here corresponds to the 
difference in water-vapour pressure and is usually expressed as a difference 

^ Ursprung and Blum, Ber. deutsch Bot. G^s., 1916, 34, 525 ; 1918, 36, 577. 

* Thoday, N$w PhytoL, 1918, 17, 108. 

® Stiles, Biochem. 1922, i6, 727. 

* Beck, Plant Physiol,, 1928, 3, 413. 

® Shull, /. Amor, Soc, Agton,, 1930, aa, 459; Plant Physiol,, 1939, 14, 401, 

» Curtis and Scofield, Amer, J. Bof,, 1931, ao, 502. 

’ Meyer, Bot. Rev., 1938, 4, 531. 

* Strugger, Flora, N,F,, 1938, 33, 51. 
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in relative humidity or saturation deficit. However, for the sake of com¬ 
parison, it may also be expressed in atmospheres osmotic pressure or D.P.D.^ 
Even at high relative humidities, the D.P.D. values of the atmospheric air 
are considerable, as may appear from a few data, derived from Shull's table 
(Table I—^temp, 20° c.).® 

The rate of transport in the gaseous TABLE I 

part is determined not only by a 

D.P.D- difference but also by the Relative humidity, % 

resistance met by the difiusing water - 

molecules in the air. In this way 99 

the water potentials along the whole ^ 

stretch of the water transport may 80 

be expressed in the same units, viz. 50 

in atmospheres D.P.D. 

In a moist soil, the D.P.D. of the -- 

root environment is approximately 
zero. If we assume, for convenience, a relative humidity of the air of 47 %> 
the plant is inserted as a wat^^r conduct between two media with D.P.D. 
values of 0 and 1000 atm. respectively. A continuous current of water passes 
inside the plant from lower to higher D.P.D. values, successively through 
root cells, xylem, chlorenchyma and the gaseous part (including the stomata), 
everywhere meeting a corresponding resistance. 

It was Gradmann's idea to apply an analogue of Ohm's law to this 
water transport as a whole. It may be applied here because it is applicable, 
not only to an electric current, but to any process where its velocity 
is directly proportional to a potential difference. This is the case in a current 
of water through capillaries as well as in a diffusion process. 

dm 

In the steady-state, the rate of water transport is the same in all 

successive parts. If we call the resistances in root cells, xylem, leaf cells 
and in the gaseous part Hr, an<i ^0 respectively, the D.P.D. values 

on either side of each respective part Pq, P^, Pg, P3 and P^, we have: 

dm Pi — Pq P^ — Pi P9 — P2 -^4 Pb 

dt ^ Rr ^ Rx Ri Ro~ 

The D.P.D. value in the chlorenchyma cells lining the intercellular spaces 
of the leaf (Pj) may seldom exceed 50 atm. So, in this instance, the D.P.D. 
difference between the free atmosphere and the leaf cells P^ — P3 should be 
950 atm., 19 times greater than P3 -- Pq, the D.P.D, difference between leaf 
cells and soil. Gradmaim drew the conclusion that Rg, the resistance in the 
gaseous part, had to be about 20 or more times (P^ + + Ri)* the total 

sum of resistances inside the plant. The reasoning seems sound. It may be 
questioned, however, if it is physically justified. 

Gradmann's important corollary hardly received attention. This may be 
due to its seeming improbability. In the first place, diffusion processes in 
gases proceed fairly rapidly compared to those in fluids, which are several 
thousand times slower. Besides, we know that the velocity of diffusion or 
transpiration through multiperforate films may approximate to the velocity 
in ab^ce of the fihn.^^ This easily leads to the implicit assumption that 
the diffusion resistance in transpiration through an epidermis with open 
stomata should be low or even negligible. 

Such a conclusion, however, would be erroneous. For even in transpiration 

• Walter, Die Hydratur der Pflanxe (Jena, 1931), 

Gradmann, Jahrb. wiss, Bot., 1928, 69, i. 

Brown and fecombe, Phil. Trans, Boy, Soo., 1900,102, 22 
«Huber, Z. Bo/., 1930,3*3,839. ^ o 


D.P.D. atm. 


13*4 

40*6 

140-5 

297*5 

924-2 

3070-3 
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from a free water surface the resistance is very high, as any simple evapora¬ 
tion experiment may prove. Table II gives evaporation rates from a circular 
surface of 33 cm.®, the temperature of air and water being the same. The 
relative humidity was measured with a Haenny hair hygrometer; the 
D.P.D. values were computed by interpolation from Shull's table. The 
influence of the size of lie transpiring surface (Stefan's "diameter law," 
etc.) will not be considered here, as only the order of magnitude of the 
transpiration resistance is of interest. 


TABLE II. 



i 

“ c. 



Evaporation 




Still air .. 

15 

76% 

364 

86 

2*6 

0*007 


16 

52 % 

861 

200 

6*0 

0*007 

Slow wind 

15 

76 % 

364 

360 

10*9 

0*030 


16 

52% 

S61 

600 

i8*o 

0*021 

Strong wind 





56*0 

0*191 


It will be seen that the calculated transport rates through i cm.® of evapor¬ 
ating surface per atm. D.P.D. difference are extremely low (7th column). 

The evaporation resistance may be valued by comparing it to other resis¬ 
tances, in tiie same way as Huber and Hofler did in the case of the filtration 
resistance in the protoplasm. A few data from their publication (wood 
protoplast of Salvinia auriculata) are included in Table III. 


TABLE III. 


Water displacement 
through 

1 Displacement rate 
mg,/cm.“hr.atm. 

Relative resistance/cm.* 

I m. foliage wood 

1 100,000 

I 

I m. conifer wood 

20,000 

5 

Protoplast Salvinia .. 

Surface water-air— 

' 3*3 

1 

30,000 

in still air 

1 0*007 

14,000,000 

in slow wind 

0*025 

4,000,000 

in strong wind .. 

1 0*191 

520,000 


It will be remembered how the establishment of a relatively low water 
permeability of protoplasm by Huber and Hofler evoked some surprise. 
However, Ae " permeability " of a free water surface, depending on the 
wind velocity, appears to be 20 to 500 times smaller. 

l^e adjacent to the water surface, may be considered to be in 
equilibrium with the water. In agreement with other authors,^* we may 
assume that the dMusion resistance in an adhering air layer is responsible 
for the relative "impermeability" of the evaporating surface. It is clear 
that, with mcreasing distance from the surface, there is a gradual transition 
from practically still air to freely circulating air. As an approximation, 
however, we may assume the presence of a stationary air-layer, inside of 

“ Huber aud Hdfler, Jahrb. xjuiss, Bot„ 1930, 73, 351. 

BachTnaun, Planta, 1932,16, 526. 

Welten, Planta, 1933, «o, 45. 
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which the diffusion gradient is found, bordered by the free circulating air 
which is continuously renewed. 

For this supposed air layer the following thickness may be calculated,* 
making use of the diffusion constant of water vapour in air: 

Still air . 10 mm. 

Slow wind. 2*8 mm. 

Strong wiad.. .. .. .. 0*4 mm. 

The thickness of the " vapour shell" in stiU air over an evaporating 
water surface, demonstrated by means of cobalt paper,is, in fact, of the 
same order of magnitude. 

The above calculation applies to isothermal evaporation (equal tempera¬ 
tures of water and air). In the case of leaves or j&lter-paper evaporimeters, 
in absence of radiation, the water temperature is lowered in consequence of 
the latent heat of evaporation. In the steady-state," the temperature 
difference between air and water will correspond to a continuous heat supply 
from outside. This heat will be conducted liirough the same air layer as that 
through which the diffusion takes place. The first part of Taylor’s hygrometer 
theory is based upon this idea. 

If the heat conductivity of air were very high, the water temperature would 
be practically the same as that of the air; if it were very low, the water 
temperature would become stationary close to the dew-point and hardly 
any evaporation would take place. In this last case, the evaporation rate 
would be determined essentially by the rate of heat conduction to the 
evaporation surface. 

In practice, conditions wfil be between these extremes. In hygrometer 
determinations the temperature difference between wet and dry thermometer 
causes a decrease of Ihe saturated water vapour pressure at the surface 
of the wet bulb corresponding to about 3/5 of the saturation deficit of the air. 
This means that the evaporation rate is rouglily 2/5 of the isothermal 
evaporation rate at air temperature; so the evaporation resistance is 
increased by 5/2 due to resistance in heat conduction. 

If the size of the supposed still air-layer is calculated from the temperature 
difference of the wet and d^ bulb, the heat-conductivity constant of air and 
the evaporation rate, a thickness of the same order of magnitude as in the 
former calculation is obtained. 

As argued above the rate of water transmission in isothermal evaporation 
is governed by a diffusion resistance of an air layer, the thickness of which 
was computed at 0-4-10 mm., depending on the rate of air movement. 

In the case of a leaf surface the gaseous diffusion path may be subdivided 
into (a) the pores between the guard cells and (6) the rest of the air layer, 
each having its respective resistance, Rg=^Rp + Ra^ We shall assume that 
the open stomata occupy a surface, == 0*01 or i % of the total surface, 
52 = X ; furthermore that the depth of the pores =* 0-0005 a-iid that 
of the adherent air layer = 0-5 cm. 

According to Pick’s law the rate of diffusion is 


dm _ dc 


in which Z) is the diffusion constant of water vapour in air. If Cq and 


Whipple, Proc, Physic, Soc., 1933, 45. 307 - 


* 1 am indebted to Prof. iDr. C. J. F. SOttcher for kind help in these calculations. 
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stand for the water vapour concentration respectively inside and outside the 
pores, Cg for that in the free circulating air, we have 

(^0 "" ~ (^1 ““ ^ 2 ) 7 ^ 

C ~ • C 

In our case, the ratio of concentration differences = ^ = o-i, so 

Cl — Cg 

the ratio of the respective diffusion resistances -5^ will be the same. Not- 
withstandmg the fact that the stomata when fully open occupy only i % 



Showing how the D P D gradient in the adhenng air layer (i) will be influenced by 
inserting films with different pore spaces {2 and 3) between the evaporating water 
surface and the air 

of the total leaf surface, they offer a diffusion resistance of only i/ii of that 

of the total gaseous part. It is not that counts, but -p and is only a 

few IX. So the comparatively small evaporation resistance in open stomata 
is not surprising. Nevertheless, the concentration gradtent inside the pores 

is 100 times steeper than in the air layer. Only if < P, do the stomata 
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become really effective, e.g., by reducing q to o-ooi (o-i % of the surface)^ 
then ~ = ^ = I, and thus the resistance of both parts becomes 

Cl 

equal and the evaporation rate is reduced to 11/20. So it is understandable 
that the main regulatory effect of stomata is found at small degrees of 
stomatal aperture.^’ 

Especially at low degrees of stomatal aperture, Ci will considerably deviate 
from Cq. Evidently it is this value of Cj, the saturation deficit or D.P.D. value 
at the immediate surface of the leaf, which Yarwood and Hazen (1944) 
call the relative humidity of leaf surfaces/' 

I am well aware that I have neglected several complications, e.g., the 
additional resistance of the “ vapour-shells " over the individual pores.^^ 
I merely want to point out that the well-known laws of evaporation through 
stomata and porous films may be considered as a logical consequence of 
Pick's law, but only if the resistance in the adherent air layer is taken into 
account. 

We have seen that, judging from the course of D.P.D. values throughout 
the plant into the air, by far the greatest resistance in the total water 
transport is situated in the '' gaseous part" and that this great 
resistance is a physical reality. And a very lucky one too, for it allows 
the plants to develop their leaf surface for photosynthetic puiposes. Even 
though inversely proportional to the surface, the evaporation resistance 
remains considerable. 

Now we come to an essential point. The successive transport of water 
through root cells, xylem, leaf cells and '' gaseous part " may be considered 
as a catenary process. To catenary processes the general rule applies, that 
the slowest" partial process practically governs the velocity of the whole. 
Now this is, in itself, a contradiction. For, in a " steady-state," all processes 
of the cham proceed at exactly the same rate. But it is evident that by the 
“ slowest " process is meant the partial process which encounters the greatest 
resistance. It is usually indicated as the " master-process." This rule may 
be used as an approximation if one of the resistances considerably exceeds 
the others. 

In the consecutive diffusion through pores and air layer, we have already 
seen an example of a simple catenary process, the master-process of which 
may be either the diffusion in the air layer (open stomata) or in the pores 
(stomata nearly closed). 

Consideriag the whole water transport, we find a fairly §p:eat resistance in 
the living cells of root and leat^ But this resistance is small compared 
to that m the gaseous part. That in the xylem proved to be even much 
s m aller, at least in plants of medium size (e.g., HeUanthm anmtm ®®). 

In our case, the conclusion is inevitable that the master-process is always, 
under any circumstance, the transport in the gaseous part. Generally it 
will be a diffusion process. However, under special circumstances (amphi- 
stomatous leaves, small radiation, open stomata) heat conduction through 
the same air layer may partly take over the role of master-process. 

It is dear that the regulators of the water transport, tiie stomata, are 
inserted in the gaseous part, where they control the master-process by varying 
the diffusion resistance. Regulators could be nowhere else. If, for instance, 
the filtration resistance in the roots is increased, it will have little effect on 
the rate of water transport; its only effect wfll be an increase of D.P.D, 

Stftlfelt, Plcmta,, 1932, 17, 22. 

Yarwood and Hazen, Amer. J, Boi., 1944, 31, 129. 

Renner, Jahrb, wiss. Boi., 1929, 70, 805. 

M Kramer, Amer, J. Bot,, 1938, 25, no. 
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in the whole plant. This and similar consequences were clearly seen by 
Gradmann.^® It is difScult to see how Maximov’s idea of a direct regula¬ 
tion by root activity, without interference of the stomata, could be correct. 

The decrease of evaporation resistance by enlargement of the total leaf 
surface may endanger ihe plant, unless the resistance in the roots is decreased 
by a proportional enlargement of the root surface. The ratio of these two 
surfaces must be an important factor in the water economy of the plant. 



R= I I I I 




L =250 


l = 433 1=^41 7 1*232 

Fig 2. 


Representmg, as a consequence of Ohm*s law, the influence of a series of four varying 
resistances (JR) on the reactive D.P D. values and on the rates of transport (») 
expressed in arbitrary units. 


Another deduction refers to the possible significance of incipient drying 
of the cell walls bordeiing the intercellular spaces of the leaf. To reduce 
materially the transpiration rate, the resistance in these single cell walls, 
negligible before, should increase to such an extent that it would become 
greater than the resistance in all the rest of the plant, which is hard to 
visualise. 

I wonder why Gradmann’s view is so little mentioned in literature. The 
main purpose of this paper is to call attention to his conception and some 
of its corollaries, which, if correct, may be considered of importance in all 
cases where water transport, as a whole, is concerned. 

Botanical Laboratory, 

Leiden, HoUand, 

Maxunov, The Plant %n Relation to Water (London, 1929). 


MOVEMENT OF MATERIALS IN PHLOEM AS INFLUENCED 
BY THE POROUS NATURE OF THE TISSUES 

By a. S. Crafts 
Received xgth Janmry, 1948 

Whereas the transport of water and salts through the xylem of plants, 
often as continuous, liquid columns in a tensile state, has been amply 
demonstrated and is widely accepted by plant physiologists, the mecha n is m 
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of movement of organic materials in the phloem is still the subject of contro¬ 
versy. The early view, that the sieve tubes constitute files of elongate 
cells interconnected by open pores through which a mass flow of solution 
can readily take place, has proved untenable. The protoplasmic connections 
traversing the end walls of sieve tubes, though large and particularly 
prominent during certain stages of ontogeny in some species of angiosperms, 
have proved to be solid under normal conditions. In gymnosperms they are 
commonly as small in diameter as are the connections of parenchyma cells, 
and only their affinity for dyes during particular stages of ontogeny makes 
them more readily demonstrated. 

Because of their structure the sieve tubes differ from xylem conductors 
in their properties as conduits for the movement of materials. Xylem 
vessels by dissolution of their end walls form pipes through which mass 
flow may readily take place. Files of tracheids are interrupted only by pit- 
closing membranes which have been demonstrated to be porous. In 
contrast with these, sieve tubes retain a protoplasmic sheath throughout 
their functional existence and perforations of their end walls are f^ of 
protoplasm. This is evidenced by the filtering action responsible for slime- 
plug formation, and by the occasional extrusion and inflation of the contents 
of sieve-plate perforations when cutting of a stem greatly steepens the 
pressure gradient across them.^ Because of the nature of the phloem 
conductors, movement of materials through them must consist of two 
phases: (i) movement from end to end of each cell through the vacuolar 
region and (2) movement across end walls involving either alternate passage 
through the protoplasmic sheath, through the cellulose end wall, and again 
across the sheath of the next ceU, or continuous passage through protoplasm 
from cell to cell via the protoplasmic connections. Whatever the mechanism 
responsible for rapid longitudinal movement of materials in the phloem, 
this periodic passage across end walls undoubtedly constitutes an appreciable 
source of resistance. During the past 20 years two general theories have 
been developed on the mechanism of solute movement in the phloem.^ ® 
Advocates of one propose that assimilates pass rapidly along the sieve tubes 
by a digusional type of movement accelerated in some way by metabolic 
activity of the sieve-tube protoplasm. In such a mechanism movement of 
each molecular (or ionic) species would be independent of each other species 
and of the solvent water. 

Advocates of the second or mass-fllow theory propose that assimilates in 
solution move by a convection or pressure flow along the sieve-tube conduits. 
This flow is brought about by a pressure gradient between the source (leafy 
portion of the plant) and sink (region of utilisation of assimilates) developed 
osmotically and maintained by the synthesis of osmoticaUy active solutes 
at the source and then: oxidation or storage in the region of the sink. The 
various aspects of these theories have been reviewed by Curtis,® Mason and 
Phillis * and Crafts.^ ® The whole subject has been reviewed recently.® 
While these recent studies add little to the picture of diflusional movement, 
experiments with fluorescein, radio-phosphorus, the flower-inducing hormone, 
phloein-limited viruses, and a number of physiologically active chemicals, 
including 2:4-D, indicate that movement of all these materials may be 
correlated mth food movement in the phloem. Such movement is most 
simply explained as a mass flow of the assimilate stream, the direction and rate 
of which is determined by the gradient of total osmotically active substances. 

^ Ciafts, Amer, J, Bot,, 1939, a6,172. 

* Crafte, Plant Physiol., 1938, 13, 791. 

* Curtis, The TranslocaHon of Solutes in Plants (IMfcGraw HiU, New York, 1935). 

* Mason and Phillis, BoU Rev,, 1937,3, 47. 

* Crafts, Currier and Stocking, Chronica Botanica (Belmont, 1948). 
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In the above review ® the statement is made, “ Weaknesses of the mass- 
how theories include a lack of knowledge relative to the resistance offered 
by the cross walls in the phloem, need for more convincing evidence for the 
passive function of sieve tubes. ..." I propose in this paper to examine, 
in the light of modem physical chemistry, the resistance of cross walls of the 
phloem, and the effects of sieve-tube ontogeny on the permeability of the 
cytoplasm. Though it may be impossible to apply modem methods of 
X-ray difiraction analysis and electron microscopy to phloem tissues in their 
natural condition, reasoning by analogy from such studies on other tissues 
may throw some light on permeability of functioning phloem. 

Although the young differentiating sieve tube is an active cell with stream¬ 
ing protoplasm of a fluid consistency, and normal semi-permeable properties, 
a large and conspicuous nucleus and other characteristic inclusions,® upon 
maturing a profound differentiation occurs that marks this cell type as 
a highly specialised structure. It is now well established that the nucleus 
disintegrates during maturation, that slime bodies likewise break down, in 
those species that have them, and finally, that the sieve-tube cytoplasm 
loses its semi-permeable properties and becomes highly permeable to 
solutes.^ ’ ® ® 

Chemical studies indicate that protoplasm is a heterogeneous mixture of 
water, proteins, lipoids, phosphatides, sugars, salts and other compounds. 
Proteins make up over half of the non-aqueous composition and they are 
composed of amino acids united through peptide linkages into chains of 
considerable length. Accounting for the definite shape and size of fraction¬ 
ated protein molecules, and fundamentally related to the optical properties, 
fluid nature and motility of living protoplasm must be an ordered arrange¬ 
ment of polymeric structural units. There is general agreement that peptide 
chains form the basic units upon which the complex structure of protoplasm 
is built, these chains being coiled, folded and interwoven in fluid protoplasm, 
and arranged into more linear order when protoplasm is stretched or 
compressed into sheets. Accounting for the semi-permeable nature of 
protoplasm are the side chains on the peptide strands, the associated lipoid 
substances, and the complex pattern of bonded aggregates making up the 
living stuff. To account for the chemical and physical properties of the 
protein fraction, Bateman concludes that the peptide chains are " folded 
in such a manner that the acid- and base-combining groups are either free 
or very weakly bonded, while the nonpolar groups are to some extent 
enclos^." He postulates "that many weak bonds are involved in the 
maintenance of a protein molecule in the native condition; a few of these 
may be covalent, such as sulfide or secondary peptide linkages between side 
chains, but most are of residual character and may be salt linkages or 
hydrogen bonds." Similar bonds are undoubtedly involved in the associa¬ 
tion of lipoids, minerals and water in the living protoplasm. While purified 
samples of proteins, lipoids and other essentid components of the proto¬ 
plasm may yield X-ray diffraction patterns useful in determining their 
physical structure, no accurate picture of the structure of living protoplasm 
can be formed except by analogy with those of the various non-living 
fractions. From these it would seem that the liquid protoplasmic layer of 
a plant cell in a state of rest would have the amorphous quality of a mass of 

« Crafts, Protoplasms, 1939, 33, 389. 

’ Crafts, Plai7t Physiol,, 1932, 7, 183. 

* Crafts, Plant PhysioL, 1933, 8, 81, 

* Huber and Houschal, Bsr, deutsch. Bot, Ges, 1938, 56, 380. 

10 Bateman, in HSber's Physical Chemisirv of Cells and Tissues (The Blakiston Co., 

Fhil., 1945)- 
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randomly coiled chains, the highly individual qualities being related to 
specific arrangements of, and forces between, the different components. 
This should be characteristic of the young sieve tube at resting stages of the 
meristematic state. 

Growth in the longitudinal direction and the incidence of streaming are 
probably attended by an increase in order accompan3dng the stretching of 
the peptide chains. Compressional effects of turgor would have a similar 
influence. Such order should characterise the living protoplasm of newly 
expanded sieve tubes, phloem parench3mia and ray c^s. What then would 
be the nature of the changes attending maturation of the sieve tube and how 
do they relate to its function in conduction ? 

According to Bateman, degradation of the specific structure of proteins 
must involve introduction of disorder into an originally regular structure, 
the degraded product becoming more viscous and hence less symmetrical 
and less soluble. Side chains are freed, becoming more reactive, and the 
degree of association must shift toward an open structure. Observations 
previously recorded ^ prove that upon maturation of sieve-tube elements 
the cj^oplasmic sheath changes from a fragile, fluid state to a viscous, tough, 
fibrous condition. This has been illustrated in cucurbits and potato.’ * 
When mature sieve tubes are treated with 95 % alcohol under the micro¬ 
scope the protoplasm upon dehydration can be seen to shrink and pull away 
from the side walls becoming taut between the two sieve plates. Often it 
breaks somewhere near the centre of the cell and each portion slowly shrinks 
forming a tom fragment upon the sieve plate to which it is attached. 
Attendmg this change in state during maturation is an almost complete 
loss of staining power. 

From the physico-chemical view of the properties of protoplasm the above 
changes probably involve a straightening and ordering of the peptide chains 
attended by a loosening of bonds and a loss of both the lipoid substances 
responsible for semi-permeability and the polar groups that determine the 
staining properties of the protoplasm. In ihe place of these would be water, 
mostly in the free state, the protein chains retaining certain of their para- 
crystalline properties. Bateman states that wet protein crystals give better 
X-ray photographs than dry ones and that the water is mostly in the free 
state. This would seem to indicate that though the highly specific molecular 
ordering of the young active protoplasm is lost, the straightening of the 
peptide chains and the freedom from interfering associated groups might 
leave the basic framework more clearly discernible. As a crude analogy 
one might suggest the skeletinisation of an animal. If the protoplasmic 
sheath of the mature sieve tube is pictured as a mere skeleton of peptide 
chains holding a relatively large quantity of enmeshed water, it is conceivable 
that it offers little resistance to ttie intercellular flow of solution. Bateman 
observes that protein crystals should be regarded as bipolar coacervates, 
and that such para-crystaUine suspensions containing rod- or leaf-shaped 
particles may contain water layers up to as much as 5000 a, in thickness. 

As a final suggestion it should be emphasised that the peptide skeleton 
mentioned above should not be pictured as a rigid framework incapable of 
spadal adjustments. The chains are violently vibrated by thermal agitation 
and cushioned by associated water molecules as are the solute molecules 
passing along or through them. Consequently, just as seeds, in passing 
through a cleaner, are kept from clog^g by the vibration of the screens, 
so sugars, amino acids and other assimilates moving through the mature 
sieve tubes diould remain free of structural barriers. 

Movement of the assimilate stream across phloem walls should be subject 
to similar considerations. Chemical analyses and X-ray studies have shown 
the structure of cellulose to be of a para-crystalline nature characterised by 
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long chains of glucose residues bonded longitudinally by oxygen bridges and 
held laterally by hydrogen bonds.^^ Hydration results in lateral spreading 
of the chains with the intrusion of water molecules. Because these are also 
bonded by residual hydrogen valences, lateral spreading of the cellulose 
chains may be considerable, and mild chemical action may cause even 
greater hydration. 

Most X-ray work on cellulose has been done on dry fibres. There is 
evidence that sieve-tube walls are highly hydrated in their natural state 
and that their structure is less dense and less highly ordered than that of 
fibres. Measurements have shown that they shrink as much as 50 % upon 
dr37ing and under polarised light their anisotropy is less marked than that of 
phloem fibres. 

Using 50 % of the cross-sectional area of the phloem walls as the available 
channel, considering that the assimilate stream might contain 10 %, 15 % 
and 20 % solute, and assigning a possible 10 %, 20 % and 50 % of the total 
available pressure for forcing flow through the restncted stolon, values for 
the dimensions of capillary spaces required to accommodate transport into 
the potato tuber have been c^culated.® Table I gives the results. 

TABLE I 


Dimensions of Capillary Spaces required to Accommodate Movement of the 
Assimilate Stream through the Stolon of the Potato; Calculations Based 

ON Sucrose 


Solute 

Cone. 

Solute 

Cone. 

Osmotie 
Pressure 
at 25® c 

Dimensions of Capillary Spaees 
Distances between Parallel Planes 

Pressure Utilised 

% 

Molal 

Atm. 

10% 

20 % 

50% 

10 


8-3 

660 A. 

460 A. 

290 A. 

15 


13-5 

430 

310 

190 

20 

1 


19-4 

330 

230 

150 


From these results it seems that spaces of the order of 150-450 A. would 
be required to accommodate flow. These calculations by a modification of 
Poisemlle’s formula assume the walls of the capillary spaces to be rigid, 
as for instance the walls of a glass tube, and they assume stream-line flow. 

A more detailed study of fte constitution of cellulose proves that it is 
composed not only of crystallised regions, but also contains amorphous 
regions. Certain studies indicate that the consistency of cellulose is like 
that of a suspension of rod-like particles immersed in a viscous fluid. Stress 
tends to parallelise the rods, the degree depending upon the elongation 
produced. Highly swollen samples ^ow this phenomenon to a marked 
degree and the relation of oriented rod structure to amorphous material 
may be measured in X-ray diagrams since the crystallised portions produce 
the sharp, intense interference spots while the amorphous parts produce 
the gener^ background.^® While the X-ray diagrams give an indication 
of the unit cell of anhydrous cellulose fibres the spacmgs of units ia the 
amorphous portion are not given. TJie dimensions of the unit cell as given 
by Meyer and Misch (1937) are: 

a = 8*35 A. ; 6 = 10*3 A. (fibre period); c = 7-9 a, ; j 3 = 84°. 


n Wise, Wood Chemtstty (Reiuliold, New York, 1944). 

Crafts, Plant Physiol . 1931,6, i. 
w Mark, in Wise's Wood CJ^mtstry (Reinhold, New York, 1944). 
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The chains at rest in this structure have intermolecular spacings of only 
2-3 A- 

At first glance it might seem that the close spacing of the chains in cellulose 
must preclude the ready movement of molecules of the size of sucrose and 
amino acids through cell walls. On the other hand, it is well known that 
sucrose molecules rapidly traverse wails of living cells whenever plasmolysis 
with this material is carried out. And this is true of phloem walls because 
young sieve tubes may be readily plasmolysed and parenchyma cells of 
mature phloem rapidly respond to plasmolising solutions. 

In seeking an answer to this question there appear several suggestions. 
First, hydration must result in a radical separation of the chain structure 
of the cellulose of phloem walls. Shrinking of phloem walls indicates this 
to be of an entirely different order of magnitude than the chemical hydration 
of cellulose by decomposition of cellulose derivatives (regeneration). Second, 
spacings in the amorphous portions of the cell wall may be much less regular 
than in the crystalline regions and may attain dimensions of the order of 
those indicated in Table I. Finally, phloem walls may be made up of a 
different type of cellulosic material than walls of other tissues. Attention 
is called to the nacr6 condition of the walls of protophloem elements. Walls 
of secondary phloem sieve tubes, though less strikingly specialised, are always 
thick and the end walls in particular are much less birefringent than are the 
walls of fibres. This is evidence for weakness of the prim^ bonding forces 
of this type of cellulose, and may in part account for tihe high state of hydra¬ 
tion. It seems probable that the specialisation of the walls of phloem 
conductors is, like that of the protoplasm, designed to accommodate the 
rapid flow of assimilates in solution. 

Conclusions 

As previously mentioned, studies on the transport of viruses, dyes, hormones 
and growth regulators indicate a correlated movement of these indicators with 
foods in the phloem. Specialisation of the phloem conductors would seem to 
favour such movement. Plasmolysis tests prove that the protoplasm of the 
mature sieve tube is highly permeable. C3rtologic studies show a loss of nucleus, 
a lowering of the retention of dyes, and a change from a fluid to a tough, fibrous 
consistency. Though far from complete, the evidence cited here from physico¬ 
chemical studies indicates that the degradation resulting from the above changes 
produces an open skeletal structure of peptide chains of high permeability. 
Specialisation of sieve-tube walls seems again to be in the direction of high 
permeability. 

If we examine the two proposed mechanisms for explaining phloem transport, 
it seems that the specialisation mentioned would have little benefit for move¬ 
ment of a diffusional type ; in fact, the positive cytological evidence for proto¬ 
plast degradation in the sieve element would seem to be detrimental to any 
postulate mechanism of activation dependent upon metabolic energy. And 
the specialisation of end walls would not help, for in diffusional movement, 
passage of assimilates would be attended by constant breaking of residual bonds 
as the molecules pass through the relativ^y static vacuolar water, and move¬ 
ment across end walls should add little to the total resistance. For con- 
vectional flow, on the other hand, movement through the vacuole would require 
only breaking of bonds along the periphery of each liquid column and flow through 
end walls would constitute a major item of resistance. Here the speciaJdsation 
of the c3rtopIasm and cell-wall material certainly favours mass flow. 

Specialisation for the accommodation of translocation of solutes in plants 
has undergone three essential stages, (i) Elongation of cells and streaming of 
proti^lasm that facilitate diffusion. This occurs in mosses and certain algae 
and in the mesophyll and border parenchyma of higher plants. (2) Increase in 
permeability of c5^oplasm and t^Is of specialised phloem conductors. This 
occurs in the large algae, mosses, lycopods, ferns and all higher plants. (3) Loss 
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of protoplasm and perforation of the walls of specialised xylem elements found 
in tracheoph3rtes occupying a terrestrial environment. In view of the extreme 
specialisation of the third type that is commonly recogmsed, the second as 
suggested here does not seem improbable. 

University of California, 

U.S.A. 


WATER MOVEMENT IN LEAVES 
By F. J. Lewis 
Received ist March, 1948 

Transpiration, the emission of water vapour from the open stomata on 
the leaf surface, may be considered to consist of two stages : (a) the emission 
of water vapour from the interior of the mesophyll c^s into the air-space 
system between the cells, and (b) the passage of water vapour out between 
the guard cells of the stomata (when they are open) to the exterior. 

In the long series of researches on transpiration during the last fifty years 
most attention has been paid to stage {b), and the behaviour of the stomata 
has usually been considered as governing the rate of transpiration, and 
little attention has been given to conditions at the surface of the mesophyll 
cells where the water vapour actually leaves the tissues of the plant. The 
emission of water vapour from the outer surface of the mesophyll has usually 
been assumed to be a process of evaporation in which no protoplasmic 
activity is concerned, and the surface of the wall stated to be moist or 
covered by a thin film of water. 

It seemed desirable to investigate the properties of this surface in the 
light of these suggestions, or, in other words, to study transpiration without 
the epidermis and stomatal control. 

The only means of doing this is to study the exit of water from the surface 
of the mesophyll without the epidermis. Two methods may be used, (a) cutting 
the epidermis so that there is a free passage from the air-space system to the 
external atmosphere, (6) getting rid of the epidermis altogether. It has been 
generally considered that slitting the epidermis is preferable as inflicting less 
injury to the leaf and this method was used by Francis Darwin early in the 
present century. Experiments conducted on these lines gave a rise of 10 % to 
100 % in transpiration in light over that in darkness. These results were open 
to question as no account was taken for shock to the tissues due to injury. Similar 
experiments were carried out more recentlyThese show only a transpiration 
rise of about 5 %, but in addition the experiments indicated that the rate of 
loss of water firom the mesophyll was greatly affected by light, and that light 
of a certain intensity gave a much increased rate if supplied intermittently, and 
that 2000 flashes per minute were much more effective than continuous light of 
the same intensity. These experiments are interesting as attempts to study the 
conditions at the real seat of transpiration instead of at the external surface of 
the leaf. None of these experiments were directed to an examination of the 
conditions at, or the characters of the surface of, the walls of the mesophyll 
cells where the water vapour originates. 

It seemed to be desirable to make some observations of these surfaces. This 
can only be done by eliminating the epidermis. Search for suitable leaves for 
ea^periment soon showed that some leaves could be stripped of the epidermis 
with great ease and without injury to the mesophyll cells lying below. Early 
experiments with Ficus elastica in Egypt gave good results but suggested that 
the age of the leaf and also its turgidity greatly affected the ease with which 


^ Henderson, Ann. Botany, 1926, 
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the epidermis could be removed. Other leaves proved to be better experimental 
material although all the earlier work was carried out with Ficus, Hyoscyamus 
muticus leaves proved to be excellent, and Cavna, Moms, Malva, Panevaimm, 
Caryota, Ricinus and many others have been used. Lately Saxifraga sarmenlosum 
has been found to strip so easily that nearly the whole stomatal epidermis could 
be removed at one operation. 

The stripping of the epidermis inflicts no deep-seated injury to the layer of 
mesophyll for the epidermis comes away easily and is clear firom any tom-off 
mesophyll cells and the leaf shows no injury after 24 hours. The mesophyll 
layer consists of a loose tissue of irregularly rounded cells with a system of con¬ 
tinuous air-spaces separating the cells from one another. The proportion of 
volume of air-space to cellular space differs in leaves of various ecological tj^s, 
but frequently the air-space system occupies a greater volume than the cellular 
tissue. It follows that the actual area of the surface of the mesophyll cells abutting 
on the air-space may be very considerable. 

The experimental method first employed consisted in cutting leaf strips parallel 
to the lateral veins, and for these first experiments the leaf of Ficus elastica was 
chosen. If such strips are suspended vertically with the lower edge in contact 
with water, no entry of water takes place into the capillary system between the 
mesophyll cells, and the same result is observed if the whole strip is immersed in 
water. It makes no difference whether this experiment is carried out in light 
or darkness, and all attempts to induce the entry of water into the air-spaces 
proved unsuccessful. 

Experiments were made to determine the possibility of the entry of other 
liquids under similar conditions. Leaf strips suspended vertically over benzene, 
chloroform, ether, petroleum ether, acetone, essential oils, olive oil and pure 
medicinal paraffin ^owed that with all these liquids entry takes place at once, 
the liquid rushing with great velocity into the capillary spaces between the 
mesophyll cells. With benzene, chloroform, ether and petroleum ether a vertical 
rise of 2 cm. may be obtained in less than 60 sec., and the rise goes on at a pro¬ 
gressive rate until the inflow reaches the upper edge of the strip. The entry of 
essential oils, olive oil and paraffin is somewhat slower, but even with paraffin 
a rise of 5 mm. can be observed to occur in approximately 5 min. 

Direct microscopic observations of the mesophyll layer in relation to the flow 
of liquids seemed to be desirable and were carried out in the following manner. 
The leaf of Ficus elastica can easily be tom transversely by suitable manipulation 
so that considerable areas of uninjured mesophyll are exposed, for the lower 
hypodermis readily splits away from the upper portion of the leaf. If the 
operation be carried out rapidly, no injury to the cells taJkes place except to the 
individual cell-ends next to the hypodermis. A strip of up to 2 cm. in length 
and breadth can then be examined under a magnification of 100 or more and an 
excellent view of the space system and the small lateral veins be maintained. 

A drop of water placed on this surface remains suspended like a lens on ^e 
summits of the mesophyll cells and shows no disposition to spread over their 
surface into the capillary system. When a drop of the organic liquids mentioned 
earlier is used in the same way, instant entry into the intercellular spaces occurs. 
All these liquids, except medicinal paraffin, have the disadvantage of being 
toxic and rapidly killing the cells with which they come into contact. While the 
phenomena to be described do not vary essentially whatever liquid is used, the 
microscopic observations relate only to the use of pure parafifin. The use of this 
hydrocarbon further had the advantage of its behaviour being easily followed, 
while the entry of the other liquids is so rapid that it cannot be followed with the 
eye. 

When a drop of paraffin is placed at one end of the leaf strip with the mesophyll 
surface expo^, the oil immediately penetrates the capillary system. Two 
advancing fronts can be observed. Rrom the edge of the drop, a stream comes 
out which cascades down into the air-space system and this is followed by the 
main wave. The two waves pass along the strip about i mm , apart, and the oil 
thus travels the length of the exposed mesophyll. When a drop of water is placed 
about the middle of the strip and oil added at one end, the oil travels along until 
it comes to the water, and the initial oil-wave trickles into the air-spaces below 
the water lens and continues its path on the further side. 
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Experiments with Water-oil Mixtures.—If a small quantity of water is 
shaken up with a much larger amount of paraf&n so that the water droplets are 
of the order of about o*ooi mm. diam. and the mixture placed at one end of the 
strip of exposed mesophyll, the oil enters the air-space system carrying some 
water droplets floating in it. It sometimes happens that a water droplet comes 
into contact with one of the fine veins bared by accidental removal of a cell 
of the bundle sheath traversing the mesophyll. When this happens, the water 
droplet appears to adhere to the surface of the vein, often sends out an arm 
or narrow outflow on one or two sides, loses its spherical shape, becomes 
flattened, diminishes in size, and finally disappears, being absorbed into the 
vein. When such a water droplet is swept against a mesophyll cell wall by 
the current of oil, no change takes place and, in the absence of a current of oil 
sweeping it away, remains unchanged in position. When an emulsion of a small 
quantity of benzene in water is used, the behaviour of the mesophyll can be 
observed macroscopically. If leaf strips be placed in such an emulsion and the 
containing tube slowly agitated, the ends of the leaf strips become infiltrated 
with benzene and the turbidity of the water-benzene almost disappears owing 
to the absorption of the larger droplets of benzene into the mesophyll air-spaces. 
The same events are shown when paraffin is used instead of benzene. 

When a leaf strip with the mesophyll exposed is prepared and quickly placed 
on a slide under the microscope and covered with a cover-glass, moisture immedi¬ 
ately collects on the under surface of the glass. It forms at first a system of 
microscopic polygonal strands of water, giving a minute shagreen aspect to 
the glass when observed with a magnification of loo. After a few minutes the 
strands coalesce. If water is now run in under the cover-glass, it immediately 
penetrates between the wet cover-glass and the mesophyll, but does not flow 
down into the air-spaces of the mesophyll. If a drop of paraffin is placed in 
contact with the edge of the leaf, it quickly passes into the air-spaces and is 
bounded above by the water film still adhering to the glass which, owing to 
slight inequalities of the surface of the mesophyll, is distant o-oi to o*ooi mm. 
From these observations it appears that while the mesophyll is passing off water 
vapour rapidly into the air, and this is condensed on the surface of the cover- 
glass, the cell walls from which the vapour proceeds cannot be wetted. 

lufiltratioxi of the Whole Leaf with Water and ParaflSn.—Leaves 
infiltrated with water by a pressure gradient were found on exposure to bright 
sunlight to clear the mesophyll of liquid in a j^riod of about two hours. Observed 
by transmitted sunlight under slight magnification (x lo), the retreat of the 
water appears to be a markedly discontinuous process, the water receding 
suddenly from areas several millimetres broad and then halting for a time. 

Infiltration of the mesophyll air-spaces takes place with paraffin without a 
pressure gradient. If the petiole of a whole leaf is placed in paraffin, the oil 
passes up through the intercellular spaces of the petiole and enters the air-spaces 
of the leaf. This occurs more rapidly if the leaf is cut in half transversely to avoid 
air-locks in the mesophyll. It can be observed that the oil does not enter the 
vascular bundles of -flie petiole: its passage is solely through the intercellular 
spaces. 

Observations were made on the pressure infiltration of acid and basic dyes in 
aqueous solution. With basic dyes such as Janus green, Methylene Blue, the 
whole of the dyestuff in solution is retained and adsorbed on the surface of the 
mesophyll cells at the point of entry, while the uncoloured water passes on and 
fills the interspaces of the mesophyll. The usual method adopted was to cut the 
leaf in half transversely, connect the cut petiole with a vacuum pump and place 
the leaf in the dye solution. Acid dyes when introduced into the air-spaces by 
the same means show no adsorption on the cell walls. 

Numerous experiments have been carried out with the object of rendering the 
cell walls wettable by water. It was found that if one of the fatty acids such as 
sodium taurocholate in slight bulk concentration in water be placed as a drop 
on the exposed mesophyll, it begins to spread and after an interval of i or 2 min. 
the bubbles of air in the interspaces below are displaced and the liquid spreads 
out and fills the interspaces. The action is exactly similar to that observed with 
paraffin, but the rate is very much slower. Leaf strips with the lower edge in 
contact with water containing a minute proportion of sodium taurocholate 
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(between 1/100,000 and 1/200,000) showed a rise into the mesophyll spaces, 
and the infiltration proceeded np the strip in the same manner as paraffin, 
but the action was arrested about 5 mm. from the point of entry where a brown 
band of discoloration appeared. 

The action of the liquid on the exposed mesophyll is sensitive to pn values and 
it was found that the reaction takes place readily at pu 6-2, and very slowly if 
at all on the alkaline side. These observations show : (i) that the outer surfece 
of the mesophyll cell walls from which all the water of transpiration is given off 
is highly hydrophobic, (2) that they are quickly covered by a liquid hydro¬ 
carbon, (3) that on pressure infiltration with water, the liquid in the air-spaces 
is quickly cleared when the leaf is placed in strong sunlight and there is no 
adhesion to the surface by water, (4) that the wall surface shows strong adsorption 
with basic dyes in solution but no adsorption to acid dyes, (5) that the hydro- 
phobic nature of the surface of the wall is destroyed by traces of sodium tauro- 
cholate in solution. 

NOTB ADDED IN PROOF: 

The observations recorded raise questions regarding :— 

(а) how the water leaves the cells of the mesophyll ; 

(б) how the vapour is given off from the cell wall; 

(c) the factors which govern the changes in the rate of transpiration from 
the mesophyll cells. 

Many observations have been made by microscopic examination which suggest 
that there may be a secretion of water from the cells. This is supported by the 
fact that a layer of water can form on the exposed mesophyll surface when the 
surface is covered with a thin film of oil if in strong transmitted Ught. If a 
leaf with exposed mesophyll is immersed in oil and viewed by direct transmitted 
sunlight, water globules can be seen to form in the air spaces of the mesophyll. 

By direct visual observations it can be seen that the amount of water deposited 
on a cover glass suspended i mm. above the exposed mesophyll is greatly 
increased on exposure to direct sunlight. 

Royal Holloway College, 

University of London, 

Egham. 


ADHESION OF WATER TO THE EXTERNAL SURFACES OF 

LEAVES 

By G, E. Fogg 

Received zyth January, 1948 

Studies of the adhesion of water to its external surface may be of consider¬ 
able value in revealing some of the less obvious but nevertheless physio¬ 
logically important features of plant epidermis. As yet, the method has 
scarcely been used. 

The adhesion between a solid surface and a liquid applied to it may be 
conveniently measured in terms of contact angle. In the case of plant 
epidermis, advancing contact angles axe easily determined from profiles of 
drops restmg on horizontal leaf surfaces. They may be measured directly 
but, because leaf surfaces are generally irregular, it is better to derive a 
value by calculation from the characteristics of the drop outline, since 
this gives a mean value for the whole periphery of contact rather than that 
at a single point. Details of suitable methods are given elsewhere.^ Contact 

^ Fogg, PfOG . Roy. Soc. B, 1947. * 34 . 503. 
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angles may vary considerably even on apparently comparable leaves so that 
means of sever^ determinations must be used for comparisons. The results 
presented in Table I are mean values ( 0 d) with their standard deviations 
each derived from 9 to 12 determinations of the advancing contact angle of 
clean water on the upper surfaces of samples of from 4 to 6 healthy mature 
leaves selected at random. 

TABLE I 


Gd for Water on [ a ) Fresh Leaves, (6) Similar Leaves after Extraction with 
Benzene (Ether in the Case of Stnapis), (c) the Benzene-Soluble IMateri^l from 
(h) Deposited from Chloroform on Clean Glass 


Species 

Nature of 
Surface 

a 

b 

c 

Nymphaea sp. 

Prunus laurocerasus 
Sinapts arvensis . 
Triiicum vulgare . 

nearly plane 

99 

corrugated 

67*8 db 1*60 
75 'S ± 2 -o 8 
96-0 ± 4-73 
I 4 i '3 ± 2-04 

85*5 ± 1-02 

8 i*3 ± 1*06 
29*4 ± 8*28 
122*0 ± 1*82 

48*1 2*48 

87*6 ± 2*05 

104*8 ± 0*53 


The magnitude of the observed contact angle of a given Hquid is deter¬ 
mined by two characteristics of the solid on which it rests ; i.e., the nature 
of the chemical groups exposed in the surface and its roughness. Where the 
effect of the latter can be assessed or neglected, the degree of adhesion of 
water to its surface gives information regarding the nature of the most 
superficial layers of the epidermis. The composition and structure of these 
layers have only been investigated for a few especially favourable species 
and the generalisations which follow must be regarded as tentative. Judging 
from micro-chemical tests, the most external layer visible, the cuticle, is 
composed largely of cutin, a substance insoluble in lipoid solvents, 3delding 
various oxy-fatty acids on hydrolysis.^ Optical® and electron microscope 
studies ^ show ihat it is homogeneous and isotropic, with the long-chain 
molecules orientated at random. The cuticle, together with the cutinised 
layers below it, also contains components of a waxy nature,® compr ising 
long-chain paraffins, ketones and alcohols,® and sm^ amounts of water- 
soluble substances, probably glucosides of the saponin type.® Exact measure¬ 
ments do not seem to have been made, but cutin appears to be appreciably 
permeable to water, and since it contains polar groups it is to be expected 
that its adhesion for water is intermediate in magnitude between that of 
waxes and of cellulose. This is borne out by the values for the contact angle 
of water on the surface of epidermis extracted with wax solvents, which are 
less than those for water on wax surfaces providing that roughness is not a 
complicating factor (cp. Table I). However, the presence of small amounts of 
other substances at or near the surface of the aitin wiQ considerably modify 
its adhesion for water. That such substances are generally present is 
shown by the marked alterations in the contact angle of water on leaves, 
produced by extraction of the latter in the cold for a ^ort period by solvents 
such as ether or benzene. Leaves are killed by such treatment, but it has 
been shown that death itself does not involve appreciable alteration in the 
surface properties of leaves ^ such as might be expected if relatively rapid 
adjustment of tissue tensions with corresponding changes in epidermal 
corrugation occurred. In the case of terrestrial plants such as TriHcum 
and Prunus, the extracts contain small quantities of substances, probably 

* Legg and Wheeler, /. Chem. Soc., 1925, 127,1412, 

» Meyer, Proioplasma, 1938, 29, 552. 

* Watson, Can. /. Res., 1943, 2X, 89 

* Chibnall, Hper, Pollard, Smili and Williams, Biochem, J., 1931, 25, 2095* 
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similar to the wax components that have been isolated from epidermis,® 
against which water has a high contact angle (cp. Table I). It cannot be said 
whether these are present throughout the cutin matrix or only as a film on its 
surface, or whether, if several substances are present, they are distributed 
in the same proportions in different parts. In some species there is a 
visible wax deposit on the surface of the cuticle. No such deposit is detect¬ 
able microscopically in Triticum or Prunus, but a layer only a few molecules 
thick would be effective in decreasing the adhesion of the epidermis for 
water. Such films, if present, would ^o have a considerable effect on the 
permeability of the epidermis to water.® In the cutinised layers, double 
refraction shows the wax molecules to be orientated at right-angles to the 
plane of the epidermis ® and it seems probable that this would ^o be the 
case in films on the external surfaces of aerial leaves generally. The parafl&n 
chains are presumably directed outwards as at the surface of similar 
substances solidified from a melt.^ 

In NymphaeUy an aquatic plant with 
floating leaves, the epidermal surface 
becomes less hydrophilic after benzene 
or ether extraction and the extracts 
are found to contain material insolu¬ 
ble in water but against which water 
has a low contact angle (cp. Table). 
The presence of such hydrophilic 
substances in the cuticle may be re¬ 
lated to the fact that development of 
the leaves takes place under water. 
Possibly the molecules are orientated 
at the surface with the polar groups 
outwards and the non-polar portions 
associated with those of the cutin. 
The contact angle on intact Nymphaea 
epidermis is rather higher than that 
on the benzene-soluble material; this 
difference is not accounted for by 
corrugation of the epidermis so it 
appears that the more hydrophobic 
constituents of the cuticle left after 
extraction may not be completely madded by the hydrophilic components 
readily soluble in benzene. 

Leaf surfaces are rarely plane and in the case of some plants the contact 
angle of water on them is considerably modified by their corrugation. 
Where a solid surface beneath a drop is completely in contact with the 
liquid the observed contact angle {6d) differs from the true contact angle 
on a plane surface of the same composition (6) according to ^e relation 

cos 0D — /cos 0 .... (i) 

where / is the roughness factor (actual surface/geometric surface) ® 0 d 
is therefore greater or less than $ according to whether the latter is greater 
or less than 90®. This equation may be applied in the cases of plants such 
as Nymphaea, the leaves of which can be completely covered with water; 
however, no methods for the determination of B and/for leaf surfaces have 
yet been devised so its usefulness is limited. 

• Alexander, Kitchener and Briscoe* Trans, Faraday Soc,, 1944, 40, 10. 

’ Adam and Jessop, Chcm. 5 oc., 1925,1*7,1863. 

» Wenzel, Ind, Eng, Chem,, 1936, 28, 988. 

^Cassie and Baxter, Trans. Faraday Soc„ 1944,4a, 546. 
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The surfaces of most aerial leaves cannot be covered with water 
completely, air films being retained beneath the drops. In such cases, 
observed contact angles are greater than true contact angles, and the 
expression 

cos Ad = fx cos 0 - A • • • . (2) 

seems to be applicable, fx being the area of solid-liquid interface and 
the area of air-liquid interface per unit superficial area of contact.® Leaf 
surfaces difier in the following respects from the simple porous surfaces for 
which this relation has been experimentally verified. 

(i) They are not necessarily truly porous, air being trapped beneath a water 
drop and not always in free communication with the atmosphere. If the 
upper surface of a leaf such as one from Sinapis arvensis were porous, the 
whole area beneath a drop wotdd be in contact with the water, since the 
corrugations are shallow and 6 is small. In actual fact, considerable air 
films are retained and this being so the water-air interfaces beneath the drop 
must be curved and not plane as they would be if the surface were porous. 

{2) The corrugations are rarely of the simple cylindrical form studied in 
physical investigations. The considerable variations in form found in 
different species produce different degrees of wetting, thus acute projections 
give a high value for and a correspondingly high value for do, whereas 
obtuse projections wiU have the opposite effect. 

(3) The corrugations of a leaf surface may be on different scales and 
superimposed. For example, the upper surface of a Triticum leaf is 
corrugated longitudinally, each ridge being approximately semi-cylindrical 
and about 0-25 mm. diam., and further roughened by each epidermal cell 
projecting as an oblong bulge approximately 0*05 x 0*015 mm. and 0 004 mm. 
high. In some species there may be wrinkling of the cuticle on a still smaller 
scde.^^ In such cases, contact between leaf surface and water may be 
complete with respect to the smaller corrugations and so fx in eqn. (2) will 
be l^ger than the geometrical area of liquid-solid contact and Oo will be 
increased or decreased according as to whether 6 is greater or less than 90®. 

These complications do not affect the validity of eqn. (2) for the particular 
systems being discussed but render calculations involving the form and 
magnitude of the surface corrugations very difficult. The expression may, 
however, be used for determining values for fx and /g from known contact 
angles; thus, if it is assumed that 6 is equal to the angle of contact on the 
extracted wax, as it probably is for Triticum, and that fx + then 

using the values pven in Table I, it is found &at fx = 0-3 and /2 = 0*7. 
It would be desirable to check such values, which are of importance in 
studies on the penetration of substances into leaves from solutions sprayed 
on to foliage,^ against those determined by some other method, but this 
has not yet been done. 

The magnitude of the contact angle of water on a leaf surface has been 
found to vary with the position of the leaf on the plant.^ Such variation is 
very likely due to differences in the degree of corrugation of the epidermal 
surface but the j)oint has not yet received experimental investigation. In 
addition, in certain species of plant at least, there is considerable fluctuation 
of the contact angle of water on similar samples of leaves within short periods 
of time. In plants of Sinapis growing under natural conditions, a diurnal 
variation through a range which may be as much as 30° has been observed. 
Contact angles also show characteristic changes during wilting of a leaf “ 

Cassie and Baxter, Nature, 1945,155, 21, 

^ Martens, Protoplasma, 1934, ao, 483. 

“ Fogg, Ann, AppU Btal,, 1948 (in press). 

“ Fogg, Nature, 19^4, 154, 515. 
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There is qualitative evidence that both types of variation are due to changes 
in the degree of corrugation of the epidermis resulting from changes in the 
water content of the leaf tissues.^ At present it is only possible to give 
empirical relations between the water content of a leaf and the apparent 
contact angle of water on its external surface. Data (presented more fully 
elsewhere ^ ^®) for leaves of various species losing water slowly are given in 
the figure and show that, in the earlier stages of wilting at least, there is an 
approximately Hnear relation between the two. In the case of Nymphaea 
the increase in corrugation attendant upon loss of water from the leaf results 
in a decrease in apparent contact angle, as would be expected from eqn. (i), 
whereas in the cases of species in which air films are retained beneath drops 
there is an iucrease in apparent contact angle. As is to be expected from 
eqn. (2), if changes in and are of the same orders per unit water-loss in 
dikerent species, the rate of change of do during wilting is smaller at high 
values (Triticum) than at low values {Sinapis), If leaves are wilted rapidly 
the changes in contact a^le may be less regular and give evidence of 
differential variations in tissue tensions. Thus on Sinapis leaves an initial 
fall in contact angle indicates tiiat the surface becomes smoother as the 
superficial tissues lose water more rapidly and become stretched on the 
stfll turgid tissues beneath. Later, as the latter begin to dry out, the contact 
angle increases.^ 


Summary 

The advancing contact angle of water on the exterior surface of a leaf provides a 
convenient measure of the adhesion between the two. The true contact angle on the 
surface of the cuticle appears to be largely determined by films of hydrophobic or hydro¬ 
philic substances although the adhesion of water to its principal component, cutin, 
is of an intermediate magnitude. Observed contact angles difler from true contact 
angles according to tlie extent of corrugation of a leaf surface. Expressions coimecting 
the two for rough and porous surfaces are respectively applicable in tlie cases where 
the leaf surface is completely covered by water and where air films are retained beneath 
the drops. The extent of corrugation of a leaf surface alters with the water relations 
of the tissues beneath, observed contact angles showing corresponding changes. 

Department of Botany, 

University College, 

London. 


GENERAL DISCUSSION 

Dr- R. D. Preston {Leeds) said: In answer to a question by Dr. Crisp, 
unfortunately, in intact sieve tubes the cytoplasm is in close contact with the 
walls, so that the question is whether the surface of a liquid in contact with a 
surfe.ee of the consistency of a cellulose layer can move sufidciently rapidly. 

Dr, D. J. Crisp [Cambridge) said: The possibility has been raised that inter- 
fecial transport may account for rapid movements of metabolites in living tissues, 
notably in the sieve tubes of phloem. 

A distinction must be made between true interfacial diffusion under the 
infiuence of Brownian forces and interfacial flow. The former may occur at any 
Irind of interface and is independent of conditions outside the interface; but 
it is probably a slow process, comparable to diffusion in bulk. Interfacial flow, 
however, may lead to rapid translocatian of material in favourable circrimstances. 
In this process the whole interface moves under a surface pressure gradient 
carrying the bounding layers of liquid and setting up convection currents.^ * 

^ Crisp, Trans. Faraday Soc., 1946, 42, 619. 

• SoUner, Kolhid~Z., 1933, 6a, 31. 
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It seems unlikely, however, that the right conditions for this process exist in the 
sieve tubes of the phloem. It is necessary: 

{a) that the interface should be mobile. An interface involving a solid or 
very viscous surface cannot be the seat of rapid interfacial flow as slip does not 
occur between the interface and the boundary phases.^ 

(b) Similarly, the fluids bounding the interface must be free to move. A solid 
boundary very close though not touching the interface will restrict movement 
owing to the very great drag of the thin film of liquid interverdng. 

(c) One at least of the materials being transported must be able to adsorb 
at the interface and to desorb at the region of low concentration, thus causing 
a significant change of interfacial tension. 

As the interface between the cell wall and protoplasm is solid-liquid this is 
eliminated under (a). The interface between the central vacuole and the proto¬ 
plasm is probably of very low interfacial tension,® and therefore adsorption 
involving a considerable further lowering of tension would be unlikely. 

Prof. N. K. Adam (SoutJuimpton) said: I doubt whether transport along a 
solid surf^e can be rapid enough to account for the movement in plants. 
Spreading on a clean surface of hqntd water can proceed at a rate of some 20 cm./ 
sec., and can no doubt transport material at the required rate. In this spreading, 
the molecules of the underl3dng liquid move along the surface with the spreading 
substance, to which they are attached. The motion of a spreading substance is 
much more rapid than the diffusion of a dissolved substance through bulk 
liquid, since in bulk diffusion there are continual collisions driving the molecules 
backwards as well as forwards; but in spreading, once a molecule has been 
drawn forward by an attached underlying molecule of liquid, it cannot return, 
since its former place on the surface is taken by another spreading molecule. 

The molecules on solid surfaces are not mobile, so that this mechanism is not 
available. Volmer’s measurements * on the spreading of benzophenone on glass 
showed perceptible, but very slow transport of adsorbed molecules. Some 
mobility in adsorbed films on solid surfaces undoubtedly exists, but the rather 
scanty quantitative measurements of its speed indicate that it is several orders 
of magnitude slower than spreading on liquid surfaces. 

Dr. R. K. Schofield ifiarpenden) said : Under natural conditions the trans¬ 
piration of a mass of vegetation is largely controlled by the solar radiation 
incident upon the area of ground that it covers, since the heat of vaporisation 
is drawn from the radiant energy. Thus, in practice, it is the energy supply 
and not the total leave surface that mainly controls transpiration. 

Prof. T. H. van den Honert [Leiden) said: In 1932 ,1 suggested a mechanism 
of transport of organic material, due to spreading along a liquid surface and 
caused by surface-active forces, in the same way as proposed by Dr. Crisp. 
I devised a simple apparatus to demonstrate such a mechanism.® It consisted 
essentially of two small flasks connected by a i m.-long horizontal glass tube. 
A rapid spreading of sodium oleate through this tube along an interface between 
ether and water was demonstrated by means of an indicator added to the water. 
The transport rate was roughly 68,000 times that accounted for by mere 
diffusion. I presume that it is possible that the interfece between protoplasm 
and vacuole could be the seat of a similar transport. 

Dr. R. D. Preston [Leeds) said : It should be noted that the figures calculated 
for the dimensions of capillary spaces are quite artificial and should not be 
compared, for instance, with the 100 a. spaces discussed by Schofield. As regards 
the statements made by Crafts concerning wall structure, certain points need 
clarifying. Crafts clearly implies that the dimensions of Ihe accepted unit cell 
of cellulose applies only to anhydrous fibres, and that hydration “ must result 
in a radical separation of the chain structure of the cellidose of phloem walls,” 
and then, quoting the known high shrinkage in phloem walls, suggests that these 
walls might be made up of a different ty^ of cellulose. It should be stressed 

® Harvey and Danielli, BioL Rev,, 1938, X3, 319. 

® Z, physih. Chem,, 192^6, 1x9, 46. 

* van den Honert: Proc, Kon, Ahad. Wei, Amsterdam, 1932. 35, 1104. 
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that hydration does not separate the chains of cellulose inside a micelle, for water 
does not penetrate there ; nor is it necessary to imply micellar penetration of 
water or to invoke a difierent crystalline structure to the cellulose to explain the 
high shrinkage. Cases are known where intermicellar shrinkage and swelling are 
even higher than here, dependent entirely on the relative amount of non-crystal- 
line cellulose and the amount and quality of the incrusting substances (Preston 
and Duckworth). 

Incidentally, it should be noted that the intermolecular spacings in the non- 
crystalline fraction must be (not “ may be ”) less regular than in the crystalline 
fraction. As regards the crystalline structure of sieve tube walls, I am not aware 
of any decisive evidence on this point; but I have X-ray photographs of the 
whole phloem in which the cellulose appears quite normal. Finally, the birefrin¬ 
gence of walls cannot be used as evidence concerning the primary bonding forces ; 
the low birefringence can be due to one or more of a large number of factors—^the 
orientation factor, high angular dispersion, low crystalline/non-crystalline ratio, 
low total cellulose content, etc. On the whole it seems rather certain that in 
phloem walls the “ intermicellar ** spaces may be unusually large, but whether 
they can be treated as water-filled spaces in the sense demanded by Crafts seems 
rather uncertain. 

I do not know of any evidence relating the movement of sugars and amino 
acids, but there is the clear case discussed some years ago by Palmquist in 
which he demonstrated simultaneous opposite movement, in a leaf stalk, of 
fluorescein and sugar. It is not, of course, certain that the two substances 
were moving in the same sieve tube or even in the same phloem strand, but there 
seems no reason to suppose that any one sieve tube is concerned solely with 
downward or any one with upward movement. 

Mr. S. E. Amey {Southampton) said: The fluorescence of fluorescein in infra¬ 
red radiation depends on the pn of the tissue, and the xylem is often too acid 
to allow any fluorescence, although relatively greater quantities may have 
travelled down in the xylem than in the phloem in these cases. This was demon¬ 
strated by Rhodes,® who also showed that the transport of fluorescein in the 
phloem was often slow, or almost non-existent in certain cases, while travel in 
the xylem was rapid. The contradictory results obtained with fluorescein, 
together with the fact that it is not a normal constituent of the tissues, makes it 
necessary to regard conclusions about the nature of translocation based on 
experiments with fluorescein with considerable reserve.’ 

The simultaneous movement of carbohydrate in one direction in the phloem, 
and of nitrogenous materials in the opposite direction in the phloem also, has 
been shown to be very probable, as a result of the work of Phillis and Mason on 
the cotton plant.® But whereas the movement of nitrogenous substances was 
only large enough to be statistically significant in one of the two identical 
experiments, the movement of carbohydrates in the opposite direction was only 
large enough to be statistically significant in the other experiment of the pair. 
Judged by the most rigorous standards, therefore, the phenomenon of simul¬ 
taneous transport in opposite directions in the phloem can still be regarded as 
not proven. 

Dr. R. D, Preston {.Leeds) said: I was at Leeds myself at the time this work 
of Rhodes was carried out, and I think I should say that, though a striking 
demonstration, this work did not prove that fluorescein was travelling down 
the xylem. Hiiber and others, in fact, claimed subsequently that fluorescein 
could be detected in phloem when its presence in the xylem could not be demon¬ 
strated even after the necessary adji^teaent of p's. 

Prof. T. H. van den Honert (Leiden) said: The interesting properties of the 
boundaries of the intercellular spaces, as demonstrated in Dr. Lewis* experiments, 
are suggested by him to be of influence on the transpiration rate. Although I 
cannot disprove it, this does not seem very probable to me. For, as argued in 

• Proc. Leeds PhU. Soc., 1937, 

’ Proc, Leeds Phil, Soc„ 1946, x, 343. 

^Ann, 50, T41. 
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my own paper, it would imply that in the cell-walls lining the intercellular 
spaces there would be a resistance against water movement, greater than in the 
whole rest of the plant, as if these cell-walls were covered by a cuticle. 

I like to visualise the non-wettability of these cell-walls from another point of 
view. For gaseous exchange, it is essential that the mtercellular spaces be filled 
with a gas and not with water. It reminds one of Krogh's calculations,® who 
demonstrated that in the tracheae of insects mere diffusion provides an adequate 
means of transport of oxygen, if only the tracheae are filled with a gas. If filled 
with water, the oxygen diffusion would be 300,000 times as slow. 

In the same way, the diffusion rate of carbon dioxide into the leaf would be 
completely insufficient if the intercellular spaces were filled with water. 

Dr. R. K. Schofield {Harpmdsn) said : The curve of Fig. 2 in Bennet-Clark’s 
paper is challenging but it is not clear how it is to be explained with the aid of 
electro-endosmosis. If the protoplasm itself occupied an appreciable volume, its 
swelling might have explained the initial increase in volume due to the washing- 
out of KCl while its shrinkage might similarly have accounted for the sharp 
decrease in volume on re-immersion in KCl. While this explanation appears to 
be untenable in view of the small volume of the protoplasm, it certainly appears 
from the form of the curve that there are two parts of the vacuole system, one of 
which reacts more quickly than the other. 

® Krogh, The Comparative Physiology of Respiratory Mechanisms. (Philadelphia, 1941) 
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WATER-PROTECTING PROPERTIES OF CUTICLES 
Introductory Paper 
By J. H. SCHULMAN 
Received 10th March, 1948 

Before a physical chemist can be of use in investigations on living or 
biological systems, it is essential for the physiologist and histologist to 
give a description of the system and, where possible, some of the chemistry 
of the substances which are involved. This has now been done for the 
insect cuticle, and Wigglesworth, Hurst, and Thorpe and Crisp give a 
generalised picture of certain insect cutides and treat two aspects of the 
function of cuticle respectively: 

(1) permeability of the cuticle to water vapour or water, 

(2) adherence of gases to the cutide surface in the presence of water. 

The first subject deals more with the chemistry or physical chemistry of 
possible compounds which may influence the retention or uptake of water 
vapour by the insect; the second deals chiefly with the physics of the 
system responsible for the construction of elementary gills for the insects' 
respiration. 

The problems very briefly present themsdves into: {a) what are the 
molecular forces involved in preventing water vapour from migratiog 
through a membrane, living or artificial, and (J) what are the molecular 
for^s involved in preventing bulk water from migrating through a membrane. 
It is interesting, from the point of view of the surface chemist, that the 
first problem deds with the characteristics of the polar group or groups of 
an amphipathic molecule, and the second with the CH* group of the molecule. 
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Wigglesworth and his collaborators state that the insect cuticle consists 
of superimposed layers composed of lipoid, tanned lipo-protein, tanned 
protein and chitin, and that pore canals penetrate these systems at right 
angles to the laminations of the endocuticle. These canals do not reach 
quite to the surface of the cuticle, but are covered by a very thin layer, 
o*2-o*4/A thick, of a cement-protected wax. The whole system, up to and 
indudmg the cement, is metabolically interconnected. 

Wax Layer Theory of Water Retention 

Wigglesworth, Bcament, Slifcr and Lees focus their attention on the properties, 
chemistry and physical chemistry, of this wax. From analogies with artificial 
systems which have been impregnated with these compounds, they suggest 
a straightforward physico-chemical mechanism for the retention of water by 
the insect cuticle. Their evidence is based chiefly on the following facts : the 
breakdown of water retention is caused by the removal by solvents of loosely 
hound lipoids; abrasion of the surface of the cuticle by alumina; and the 
raising of the temperature above the melting-point of the wax. Against this 
theory, e.g., the importance of a wax layer in the mechanism of water retention 
^y the insect cuticle, seem to be the following facts. 

^ The insect cuticle can control both the water vapour absorption and desorption 
as shown by the work of Lees, so the mechanism must be of a reversible nature. 
Lees considers the energetics of the adsorption of the water vapour against 
a concentration gradient and distinguishes between passive retention of the 
water vapour by an inert wax film and active secretion of water vapour by the 
live insect cuticle. Hurst emphasises the reversible and as3anmetrical behaviour 
of the insect cuticle to the transport of water vapour by showing that the rates 
of evaporation of water differ some twenty times by placing an insect cuticle on 
water, water-endocuticle—epicuticle-air (normal), water-epicuticle—endocuticle- 
air (inverted). The unimpeded evaporation of water by the inverted cuticle can 
be inhibited by the addition of lecithin and very markedly so by the addition 
of cephalin to the insect cuticle. Slifer further shows that no measurable 
difference can be found in the nature or quantity of wax on grasshopper eggs 
during diapause, where complete water retention is observed, to cold broken 
diapause or hatching periods where the egg shells are permeable to water vapour. 
On the other hand, removal of the wax layer by solvents during diapause caused 
immediate desiccation of the egg. 

Hurst shows experimentally that the interpretation of the abrasive action 
of dusts to produce water permeability of the insect cuticle is open to criticism. 
He suggests that only dry dusts are active, irrespective of their abrasive action, 
as dry dusts can remove labile lipoids from the insect cuticle, whereas wet dusts 
cannot adsorb lipoid, and are therefore inactive. The fact that the cuticle will 
only become permeable to water vapour through the action of dry dust is also 
shown by Hurst. 

It would appear that all workers in this field agree that small quantities of 
lipoids play an important part in the control of water-balance in insects, but 
Hurst, chiefly, is not in agreement with either the proposed histology or 
physiology of the insect cuticle, as proposed by Wigglesworth and collaborators. 
It is very interesting to note that the latter school use the work of Sebba and 
Briscoe ^ to explain the phenomenon. This shows that a monolayer of a long- 
chain alcohol (C*2) and, less efficiently, long-chain acids when in a molecular 
packing which prevents water molec^es from penetrating between the polar 
groups of the long<hain compounds can reduce the rate of evaporation of water 
to within 2 % of its normal value. This effect by one condensed (orientated) 
monolayer is much greater than that of an oil layer on water, of the thickness 
o*2p, which has been considered the order of thickness of the wax layers on 
insects and insect eggs. 

It is important that, in order for this mechanism to function, there should 
be a free^ water interfa^ on which the condensed monolayer can form. There 
is no evidence that a lipoid monolayer adsorbed onto a solid structure can 
prevent water evaporation. Further, it can be shown that continuous lipoid 

1 Sebba and Briscoe, /. Chem, Soc, 1940,106, 
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monolayers, or multilayers, cannot span micro-holes or spaces unless those 
holes are filled with water.® It may be mentioned here that the melting-point 
of lipoids in the form of monolayers does not necessarily correspond to the bulk 
crystal melting-point, but is usually lower.® Dervichian has shown that for 
several long-chain esters the two-dimensional melting-point corresponds to a 
vitreous state of the compound. The vitreous forms spread both spontaneously 
and rapidly on water, whereas the crystalline forms spread very slowly. It 
is difficult to explain all the facts, such as the asymmetrical behaviour of the 
cuticle to water-vapour retention, and the lateral diCtusion in the epicuticle, 
as demonstrated by Hurst by means of a straightforward monolayer or multi¬ 
layer structure on the Sebba and Briscoe principle. To meet these facts, Hurst 
has brought the following theory, and adapted the Sebba and Briscoe concept 
in a somewhat diflerent manner. 

Lipo-protein Lamellar Organisation of the Epicuticle In the Form of a 
Porous Valve System 

To overcome the difficulty of explaining the as3nnmetrical behaviour of the 
cuticle by the wax layer concept, Hurst suggests that the structure of the epi¬ 
cuticle consists of a laminated lipo-protein structure analogous to that of a nerve 
sheath proposed by Schmidt and ]^ar from their X-ray studies. This laminated 
multilayer structure, placed parallel to the surface of the cuticle, is held in 
position by a network of vertically arranged pores or fibriles. Hurst considers 
that water can swell the laminar-arranged multi-monolayers similar to the 
concept of the swollen soap micelles as suggested by the X-ray study of concen¬ 
trated soap solutions.^ Further, when swollen with water, emulsions of lecithin 
and cephalin can penetrate into the laminoe and enable these lipoids to orientate 
at the lipo-protein water interface. 

Two important considerations can be taken into account: (i) there is now a 
system in existence which enables a layer of lipoid molecules to orientate them¬ 
selves at a water interface and thus on compression can prevent water from 
evaporating on the Sebba and Briscoe principle ; (2) the water coming from the 
endocuticle to the epicuticle can swell the porous laminar structure restrained 
between the fibrillar network by lateral diffusion. This swelling of the laminae 
by water and shrinking of the network by the presence of air on the surface 
can present a mechanism for preventing the water from penetrating through 
the cuticle in the direction water-endocuticle—epicuticle-air. If water now replaces 
air on the surface of the cuticle, the restraining action of the fibrillar network 
is released, and water can flow through the cuticle in the direction water- 
epicuticle—endocuticle-air, thus explaining the asymmetrical behaviour of the 
cuticle. Hurst supports his histology by showing that catechol stains the epicuticle 
by a lateral diftusion in the laminae. The oxidase present in the proteins in 
bet^^’'een the laminae causes the reddening of the catechol solution in situ. Further, 
if alcohols replace the air on the above system, they act like air as a dehydrating 
media, but if hydrocarbons replace air, ihey remove the water-protecting lipoids, 
and thus leave the cuticle in a condition in which it can no longer restrict the 
flow of water. If, therefore, a dehydrating alcohol is now added to the hydro¬ 
carbon, water can be rapidly withdrawn from the insect through the cuticle, 
since the combination of hydrocarbon and alcohol is a good de-fatting agent, 
removing the lipoids both from between the epicuticle laminae and from the 
surface of the insect. 

Plastron or Physical Gill 

Crisp and Thoipe give us a very clear picture of the physics of the surface 
respiratory systems of certain under-water insects which rely on the adhesion 
of air for their function. They describe the general compromise in dimensions 
of the structure of the plastron between the quantity and diflusibility of air 
adsorbed and the strength, shape and number of hairs. They show that, with the 
hairs bent so that the tips axe horizontal to the surface of the insect, pressures 
up to 3 J atm. can be withstood by the plastron, and pressures can still be held 

* Bickerman, Proc. Roy, Soc, A, 1939, 170, 130. 

» Dervichian, J, Chem, Physics, 1939, 7 » 93 i- 

^ Hess, Philipoff and Kiessig, KoUoi^Z, 1941, 96, 225. 
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even with a contact angle as low as 20®. A plastron consisting of hairs arranged 
vertically can only resist pressures when the contact angle is greater than 90®. 
Attention is drawn to the fact that in the formation of the plastron water must 
be ejected from between the hairs, although when the air is driven out from 
here by artificial pressure recovery is obtained only by drying. This raises 
the whole question of the contact angles between air, water and a lipo-protein 
substrate. If the lipoid is orientated in a condensed monolayer on top of the 
protein, high contact angles could be obtained. Recently * it has been shown 
that when the CH 3 groups are close packed on the surface of a monolayer, the 
surface is both hydrophobic and oleophobic, and the receding and advancing 
angles are the same. Small disorder in the CH, group arrangement permits 
oils but not water to spread. Further disorder in the lipoid molecular arrange¬ 
ment enables finite contact angles to be obtained both with oil and water. Mixed 
lipoid and protein monolayers could give finite contact angles both with oil and 
water, and give rise to differences in the advancing and receding contact angles 
by occlusion of water, as discussed in the section on the fundamental aspects of 
this problem. 

Department of Colloid Science, 

The TJmversiiy, 

Cambridge. 

5 Bigelow, Pickett and Zisman, J. Colloid Science, 1946, i, 513. 


THE INSECT CUTICLE AS A LIVING SYSTEM 
By V, B. WiGGLESWORTH 
Received z&th January, 1948 

For all its purposes the living cell makes use of compounds whose physical 
and chemical properties are more or less well known. The synthesis and 
deposition of these compounds result from the controlled activity of the 
cell. To a varying extent suph products remain part and pared of the 
mother cell, the physiological activity of which may serve to enhance or 
modify the natural properties of the inert materials. The aim of this paper 
is to summarise the properties of the materials composing the cutide; to 
describe how they are laid down; and m particular, to discuss the extent 
to which in the living insect the cutide as a whole may be considered to 
be alive. To consider, in brief, which of the problems of the insect cutide 
already fall within the province of the physical chemist; which axe still 
the preserve of the biologist. 

The insect cutide varies enormously in structure and properties in different 
insects and even in different parts of the same insect; but here we can 
attempt only a generalised description (Fig. i). The cuticle is always the» 
product of a single layer of epidermal cells applied to its inner surface., 
From the cells there run convoluted filaments (the pore canals) which reach * 
almost to the outer surface. There is always a very thin brown or amber- 
coloured epicutide, hard and refractile, in which the pore canals end without 
OTening to the exterior, and a soft, colourless and laminated endocutideJ 
The outer half or one-third of the latter is often hard, brittle and amber- 
wloured like the epicutide and is then termed the exocutide. The cutide 
is pierced at frequent intervals by the ducts of dermal glands. Its total 
thickness may vary from one or two microns up to 240 [x or more. 
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The cuticle contains perhaps 30-40 % water, 20-30 % chitin, 20-30 % of 
protein and 3-5 % of ash, chiefly calcium salts.^ Chitin is usually present 
in higher concentration, say 60 % of the dry weight, in the endocuticle, 
protein in substantially greater quantity in the exocuticle. The long- 
chain chitin molecules are associated in elongated micellae which are arranged 
at random in parallel, horizontal planes. The chitin and protein are 
intimately associated ; indeed it has been suggested by some authors that 
there may be alternating " monolayers " of chitin and protein, or that the 
chitin and protein may form interpenetrating lattices.® The bulk of the 
protein, “ arthropodin," is somewhat reminiscent of sericin. It is a globuto 
protein containing tyrosine and tryptophane with no glycine, little serine 
and no carbohydrate. There is a small amount of a second protein of the 
muco-polysaccharide type.^ 



Fig. I. — A —^section through a t3rpical insect cuticle, schematic The pore canals'^are 
shown only m the middle region, b— schematic section of the outermost layers, 
a, e^ermal cells ; h, laminated endocuticle of soft protem and chitin ; c, exocuticle 
of sd^rotin and chitin; d, complex epicuticle; e, pore canals running from the cells; 
/, dermal gland; g, duct of dermal gland ; h, cuticuhn layer; t, wax layer; k, cement 
layer. 

By virtue of the arrangement of the chitin micellae, the endocuticle shows 
form birefringence when viewed ta-^entially. But in the exocuticle it is 
isotropic because the amber material which fills the spaces between the 
micellae has a refractive index approximating to that of chitin. This amber 
material is called sclerotin. It consists of protein which is rendered highly 
insoluble by the incorporation of numerous primary valence cross-linkages 
between adjacent pol5T)eptide chains. These linkages are effected by means 
of quinones which block the amino or imino groups and tan the protem, 
converting a soft, colourless, soluble material into a bard, insoluble, reddish- 
brown lipophile substance.^ The vertical pore canals which traverse these 

1 Lafon, Ann. Sc*. Nat, Zool , 1943, 5» 113. 

* Fraenicel and Rudall, Proc, Roy Soc. B, 1947, *34» 

» Tnm, Btochem. J„ 1941,35. 

* Pryor, Proc. Roy, Soc, B, 1940, Z28» 393. 
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layers may contain fluid or cytoplasmic contents, or they may be converted 
into filaments of chitin.® ® In the hard type of cuticle there is evidence 
that in the exocuticle they come to contain tanned protein.^ 

The epicuticle is a complex structoe made up of several layers (Fig. i, b). 
The basic layer, visible in microscopic sections, is amber-coloured like the 
exocuticle and usually not more than i fj, thick. Like the exocuticle it is 
highly resistant to solution in cold concentrated mineral acids; but unlike 
the exocuticle, if broken down by warming in cone. HNO3 saturated with 
KCIO3, it gives rise to quantities of oily droplets. It is believed to consist 
of condensed lipoproteins subsequently tanned with quinones. This material 
is called cuticuHn.”® Overlying the cuticulin is a thin layer of wax in 
crystalline form, perhaps a quarter of a micron thick; and this in turn is 
protected by a very thin layer of " cement poured out over the surface 
from the dermal glands. The cement also seems to consist of tanned protein, 
perhaps associated with lipides.’ 

The cuticle provides the jointed skeleton of insects, to which the muscles 
are attached. Its various parts need, therefore, to be rigid, flexible 
or elastic according to their function ; but with aU this the cuticle must be 
waterproof. It is with the water relations that we are here concerned. 

The sclerotin of the exocutide belongs, like keratin, to the dry ” type of 
proteins, in which the chains are bound together by cross-linkages that 
block the hydrophilic groups. Consequently it is not dependent on the 
inhibition of water to maintain its form.* It is well known that membranes 
of such materials, if they are allowed to diy, will prevent the transpiration 
of water. This phenomenon can be seen in the insect. The larva of the 
wireworm Agriotes, when first removed from the soil, loses water very 
rapidly; but if it is exposed in a dry atmosphere, the rate of water-loss 
quickly diminislies.® 

It is, however, the epicuticle which is mainly responsible for the prevention 
of water-loss. The moisture in the cuticle comes very near the surface. 
If the insect is immersed in liquid paraffin, minute droplets of water soon 
appear over the surface of the cuticle, not only in the soft parts, but in 
many places where an exocutide is present.^® And if the insect is immersed 
in a mixture of kerosene and ethyl dcohol,^ or other mixtures with suitable 
partition coefificients in respect to water the droplets will swell and swirl 
as though the insect were effervescing. 

It is indeed well established that it is the superficial layer of the epicutide 
which prevents the passage of water. In the cockroach there is a very soft 
wax or grease freely exposed on the surface. If minute droplets of water 
are sprayed on to the cuticle this grease spreads over them (as a film 
suffidentiy thick to show interference colours) and will prevent them 
evaporating for hours. If the temperature is raised above 30® c. this film 
suffers a change of phase, water molecules wfll pass through, and the droplets 
of water and the whole insect dry up.^ 

The same thing happens in other insects, but the waxy materials concerned 
have mostly a much higher melting point. Fig. 2 shows some examples. 
The increa^ loss may happen around so-sy® c., temperatures at which the 

® Dennell, Proc, Roy, Soc, B, 1946, 133, 348. 

• Pennell, Proc, Roy, Soc, B, 1947, 134, 485. 

7 Wigglesworth, Quart, J, Micro, Set,, 194S (in press). 

8 Wigglesworth, Proc. Roy, Soc, B, 1947, 1^3* 

* Wigglesworth, J, E^pt, Biol,, 1945, 2I9 97. 

Wigglesworth, Bull, Entomol, Res,, 1942, 33, 205. 

^ Hnrst, Nature, 1940,145, 4^2. 

“Wigglesworth, Nature, 1941,147» 116. 

« Ramsay, /. ExpU Biol,, 1935, 373. 
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insect is still alive, or it may not begin until the temperature reaches 
50-60® c., when the insect has, of course, been killed by the heat.® The 
waterproof properties of insects can be reproduced by applying the extracted 
waxes to artificial membranes.^^ 

The freely exposed grease on the cockroach is largely removed and the 
insect rendered more permeable to water, by adsorption in contact with 
fine dusts. This does not happen with the other insects, because the waxes 
are too hard at normal temperatures and because they are covered by the 
cement layer. They are removed, however, if the surface is rubbed lightly 
with fine abrasive dusts, such as alumina, and then the insect loses water 
rapidly. 

This treatment causes no visible injury to the cuticxilin layer of the 
epicuticle. But the extent of the abraded areas is readily demonstrated by 
immersing the insect in ammoniacal silver hydroxide. This is reduced 
by the polyphenols which occur plentifully in the outer layers of the cuticle 
and which are presumably the precursors of the quinones which tan the 



Fig. 2.—Rate of transpiration of water from certain dead insects in relation to 

temperature, 

cuticular proteins. By means of this reaction it is possible to show that 
only the most superficial abrasion is needed to destroy the impermeability 
of the cuticle,® Insect larvae living in the soil are naturally so scratched 
that they normally lose water veiy rapidly when removed from their humid 
environment. The wireworm Agriotes (Fig. i) is an example of this. 

The insect grows by means of a series of moults. A new and l^er cuticle 
is laid down beneath the old cuticle; the chitin and protein in the inner 
layers of the old cuticle are then d^ested and absorbed, and the outer 
layers are cast off. It will be well to describe briefly the deposition of the 
cuticle which takes place at the times of moulting.^ ® 

After dividing and arranging themselves as an even layer, the epidennal 
ceUs first lay down the cuticulin layer. There is some evidence that the 
lipoproteias which compose this layer are synthesised by specialised 
ectodermal ceUs called oenocytes. The lipoprotein then undergoes some 
kind of condensation, perhaps as the result of denaturation of the protein, 
and its solubility is diminished. It has the appearance of a homogeneous 
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membrane, but it is probably pierced by cytoplasmic filaments from the 
epidermal cells, the pores being closed superficially by the cell membrane 
alone. For if treated with ammoniacal silver soon after its deposition, 
minute silver-staining droplets, regarded as polyphenol droplets, appear 
on the surface; and running from them through fibe cuticle to the cells are 
silver-staining filaments. 

These droplets enlarge and fuse until the new cuticle is covered with a 
more or less continuous “ pol5T)hcnol layer." Meanwhile the exocuticle is 
being laid down and the products of digestion of the old skin are absorbed 
through the new. At this time the cuticle is freely permeable to water; 
but during the last few hours before the old skin is shed, the wax is secreted 
by the epidermal cells. It is presumably discharged through the pore 
canals and eventually forms a practically continuous layer over the surface 
of the polyphenols, so that when the old skin is thrown off, the insect is 
almost completely waterproof and its surface is completely hydrophobic. 

Within the next half hour or so, the dermal glands pour out the cement' 
layer over the surface, so that it becomes temporarily hydrophilic. Then 
hardening and darkening occur. These processes result from the action of 
polyphenol oxidase on the polyphenols, with the production of quinones 
which tan the proteins. The dark colour is largely due to the chromophore 
groups in the tanned protein itself; ^ but in some instances there is probably 
a formation of true melanin from tyrosine at the same time. The enzymic 
changes during normal moulting have not been studied, but in the special 
case of the hardening of the puparial shell of fly larvae, a good deal is Imown 
about the distribution and control of the enzymes and substrates concerned.^® 
Finally, during the days and weeks which follow moulting, the endocuticle 
is secreted. / 

It is quite evident that throughout the period of its deposition the cuticle, 
is very much alive. There has been some controversy m the past as to 
whether the cuticle is formed by secretion from the cell or by transformatioi^L 
of its outer layers. It is generally agreed now that there is no re^ 
distinction between the two processes ; but in view of what has been learned 
recently about the deposition of the epicuticle, it is perhaps reasonable to 
regard the surface of the cuticulin layer in the moulting insect as the surface 
of the cell. 

The question arises, how far does the cuticle remain alive after moulting ? 
It may be that in some of the blackest and homiest of cuticles the outer 
layers are totally inert. But in many insects, even when an exocuticle is 
present, that is not so. Superficial abrasions, causing no visible injury to 
the cuticulin layer, which remove the cement and the wax and destroy the 
impermeability to water, cause the epidermal cells below, separated perhaps 
by some 30 ^ of cuticle, to react as though they had been wounded. They 
show renewed activity and proceed to secrete, presumably by way of the 
pore canals, a fresh layer of wax which restores the impermeability (a new 
layer of cement, whi^ arises from the dermal glands, is not produced).® 
Likewise, if certain oils, particularly if they contain some oleic acid, are 
applied to the surface of fihe cuticle, they are actively absorbed and appear 
as droplets in the underlying cells.^® 

^ And there may be an active uptake of water. We have regarded the 
^ waterproofing of the cuticle as a wholly passive afiair. But certain insects 
1 (though by no means all) are able to absorb water from an atmosphere with 
a R.H. of 85 % or less. And m even drier atmospheres, although the water 
content will not increase, the rate of loss is lower in the living than 

in the dead because it is further restricted by the secretory activity of the 
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cells. These remarkable phenomena have been studied in some detail in the 
ticks by Lees.^* * We must therefore regard the insect cuticle as a living 
tissue, in which the material basis is not only maintained by the cells but 
its properties supplemented by their physiological activity. 

Summary 

The insect cuticle is " alive almost to the surface. Cytoplasmic filaments from the 
epidermal cells run in pore canals through the endocuticle and exocuticle and come 
close to the surface of the epicuticle. The waterproof properties reside in the wax 
layer of the epicuticle. 

Four layers have been recognised in the epicuticle. 

(i) The epidermal cells first lay down a thin membrane of lipoprotein which is 
subsequently tanned by quinones (“ cuticulin lay&r **), 

(ii) This appears to be penetrated by the pore canals which discharge on to its 
surface a layer of material rich in silver-reducing substances—^probably 
dihydrox3rphenols in insoluble form {** polyphenol layer ”). 

(iii) Wax is then secreted through the pore canals to form a waterproof film over 
the surface of the polyphenol layer (“ wax layer '*). 

(iv) Finally, a protective secretion is poured out over the surface of the wax by 
amali dermal glands whose duels pierce the cuticle at intervals (“ cement 
layer *'). The cement probably consists of protein tanned by quinones and 
intimately associated with lipides of some kind. 

According to the theory of Pryor, oxidation of the polyphenols results in the hardening 
of the exocuticle (and of the cuticulin layer of the epicuticle) through the tanning of 
their proteins by quinones. 

There are wide variations in properties of the cuticle in different insects or different 
parts of the same insect. The temperature at which the wax layer becomes permeable 
to water may range from 30® c. to nearly 60® c. in different species. In the cockroach 
and its allies it is a soft mobile substance apparently without a protective layer of cement. 
The degree of hardening (tanning) of epicuticle and exocuticle varies. In many insect 
larvae Uving in the soil the surface of the cuticle is so abraded that they are always 
more or less permeable to water. 

Superfidal injuries to the cuticle (abrasion by fine dusts) render it permeable to 
water. Impermeability may be restored by the secretion of more wax by the epidermal 
cells. In some cases the cells themselves play an active part in controlling the entry 
and escape of water. The integument is a living tissue. 
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University of Cambridge, 

Lees, Parasitology, 1946, 37* i. 

Lees, J. Expt, Biol,, 1947, a3> 379- 


THE ROLE OF WAX LAYERS IN THE WATERPROOFING OF 
INSECT CUTICLE AND EGG-SHELL * 

By J. W. L, Beament 
Received 22nd January, 1948 

The water-impermeable barrier of the insect cuticle is to be found in the 
outermost layers of the cuticle. This fact has been known for many years ^ * 
but considerable complications arose through two contrasting observations. 
Bergmann * and otiiers demonstrated that lipoid material could be removed 
from the cuticle by the action of wax solvents ; further, ChibnaU et alii ^ 

1 Kuhnelt, Zool, Jahrbuch, 1928, 50, 219. 

* Wigglesworth, Quart, J. Micro, Sci., 1933, 76, 269. 

* Ber^ann, Ann, Entom, Soc, Amet,, 1938, 31, 315. 

® ChibnaU et alii, Biochem, 1934, 
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had made detailed chemical analyses of such lipoids and shown them to 
consist of long-chain fatty acids, alcohols and esters with chain length of 
the order C30. On the otter hand, lipoid could also be obtained from the 
outer cutide layer by the action of fused alkali or oxidising acids; this 
indicated a cuticle structure containing fatty material combined chemically 
with otter components. 

The explanation of these opposed h3T)otteses was provided by Wiggles- 
worth,® who proposed that the cuticle was covered by a thin layer of waxy 
material, which waterproofed it and ® confirmed that in the bug Rhodnitis 
there is also a lamina of material beneath this wax, which contains lipoid 
combined chemically to protein (the cuticulin layer). 

The biological evidence for the presence of wax layers has been outlined 
by Wiggleswortt ® ® and referred to in ttat author's contribution to this 
Discussion. In particular, wax solvents, abrasives and wax detergents wiQ 
render insects liable to desiccation and their cutide permeable to dyes. 
Wiggleswortt ® also extended the work of Ramsay ^ who had measured the 
rate of evaporation for the cuticle of the cockroach, Periplaneta americana, 
at various temperatures. Ramsay showed ttat at a particular and specific 
temperature, transpiration increased suddenly. He proposed ttat this was 
due to some physical change in the properties of a greasy substance to be 
found on the cutide surface. Wiggleswortt ® carried out similar experiments 
with many larval and adult insects, representing the main orders; he 
demonstrated that each species showed an abrupt increase in the water- 
permeability of the cutide at temperatures, var3dng between 35 and 60® c., 
which were constant for any one spedes and stage of development. He 
proposed that this critical temperature " corresponded to a change in the 
wax layer on the cutide. 

The cast skins of the majority of insects consist of the whole of the epicuticlc, 
together with some fragments of exocuticular material. As compared with 
whole cuticle preparations, cast skins are almost free of perforations, since 
glandular and similar invaginations are intact. If such skins are mounted as 
membranes, separating water from a dry atmosphere, they show the same order 
of impermeability as tte cuticle of intact insects at corresponding temperatures. 
If on the other hand, a cast skin is treated with a boiling wax-solvent, so that 
physically bound lipoid is removed, then the permeability at lower temperatures 
is vastly increased. Now this lipoid-free cast skin still contains lipoids ® which 
can be released by chemical decomposition. Clearly, therefore, it is the lipoid 
which can be extracted, and not the chemically bound material, which is water¬ 
proofing the cuticle. 

If numbers of clean cast skins from one spedes of insect are exhaustively 
extracted with boiling chloroform, the waxy materials may be obtained from 
the solvent. If tte wax is distributed as an even layer over the cuticle surface, 
determination of the cuticle area provides an estimate of the thickness of such 
a layer. Although tte surface area of an insect cannot be measured with great 
precision, the amount of wax x>cr unit area of cuticle is remarkably constant for 
any one spedes of insect, and the actual thickness lies between the limits 
o-2-o-3jjt for a great many insects. This value would correspond to some thirty 
monolayers of orientated wax molecules. The thiclmess of the wax layer bears 
no relation to the thickness of the particular cuticle or epicuticle from which it 
is extracted. 

The majority of the extracted lipoids are white or yellow waxes, similar in 
consistency and probably in composition to beeswax,® chermes wax,® etc. A 

» Wiggleswortt, /. ExpL Bioh^ 1945, ax, 97. 
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* Lewkowitsch and Warburton, Chemical Technology oj Oils, Fats and Waxes. 1921, 

X. 317 et seq, 
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few genera, notably cockroaches, locusts and Ixodid ticks, yield a more mobile 
grease. The waxes vary in melting point from 30-70° c., and these temperatures 
are consistently a few degrees above the critical temperature at which the respec¬ 
tive source insects become freely permeable to water. Thus the phenomenon 
cannot be explained by postulating that a wax layer melts at the critical 
temperature. 

The extracted waxes can be deposited from a dilute solution in chloroform to 
form a layer on various membranes. The degree of waterproofing which such a 
layer of wax confers on a membrane is related to the chemical nature oi the 
membrane surface. Proteinaceous membranes initiate more impermeable layers 
than do inorganic materials, while tanned proteins (such as gelatine treated with 
^-benzoquinone) are quite efficient. But waterproofing of the same order as that 
of the insect of origin, may be obtained by depositing comparable thicknesses of 
wax on membranes of insect cuticle. Such membranes can be prepared by 
extracting butterfly wings, cicada wings, pupal wing cases, etc., in boihng 
chloroform and depositing the wax on the external surface. This waxed side is 
exposed to a dry atmosphere in a membrane holder filled with water. 

When the variation of water permeability with temperature is investigated, 
these waxed insect membranes show sudden increases at temperatures corre¬ 
sponding to the critical temperatures of the insect from whidi the wax was 
obtained, and not to the values for the insects providing the substrate membrane. 
Similar, if less sharp, changes may be recorded on artificial membranes (due 
partly, perhaps, to the lesser degree of initial impermeability). 

If inert insecticidal dusts, such as fine-grade alumina are sprinkled over 
the surface of a waxed cuticular membrane, no increase in water-transport is 
produced. In contrast, should a fine layer of dust be moved over the surface of 
the wax by strokes of a camel-hair brush, there is an immediate and considerable' 
increase in permeability. The dusts are evidently acting by abrading the wax 
and not by adsorbing their substrate. 

When detergents are spread over the surface of a waxed membrane, tlic 
permeability of the system is increased; a series of detergents have the same 
order of eltectiveness on waxed membranes as they have on living insects, 
although it must be remembered that the wax of the insect may be protected 
by a cement layer.® 

A composite layer of chloroform-extracted insect cuticle and of wax, and an 
intact insect cuticle behave very similarly; in particular, it is the behaviour of 
the species from which the wax was obtained which is reproduced. This similarity 
provides considerable evidence for supposing that the structure of the water¬ 
proofing mechanism is very similar in the two compared systems. Further 
investigation has revealed Idle precise nature of waterproofing and the physical 
processes causing the ** critical temperature '' phenomenon. 

It has been demonstrated • that the water impermeability conferred on a 
membrane by beeswax and by insect waxes is not linearly proportional to the 
thickness of the wax covering the membrane; a considerable measure of 
impermeability is obtained with the initial layer of wax and additions of lipoid 
beyond a thickness of the order 2o-2oowp do not produce an appreciable decrease 
in permeability. It may perhaps be held that experimental conditions would 
be inefficient: that the wax layer would be free from pinholes only when such a 
critical thickness is exceeded. But the phenomenon is still very defimte even after 
the membrane has been heated above the melting-point of the wax, so that the 
lipoid could spread over any gaps (permeability measurements being repeated 
at room temperature). The actual permeability is not of the same order as a 
membrane which has been abraded. It is also interesting to note at this point 
that films of M-paxaffin wax give linear curves for permeability against thickness 
of layer measurements. 

These experiments would at least indicate that some property of the interfacial 
wax layer is especially responsible for waterproofing. This theory is reinforced 
by some experiments carried out with the waterproofing grease from the cuticle 
of the cockroach. Wigglesworth ® found that stationary '* inert ** dusts have nc 
effect on the rate of water-loss from intact insects which have hard cuticulai 


lOBeament, J. Esept, Biol,, 1945, ai, 115. 



i8o THE ROLE OF WAX LAYERS IN WATERPROOFING 


waxes. But dusts adsorb mucb of the mobile grease from the cuticle of the 
cockroach and permeability is somewhat increased. This increase in trans¬ 
piration is not comparable to the great change produced by washing a cockroach 
with chloroform. 

If a drop of grease from the cuticle of a cockroach is placed in the centre of 
a circular membrane of extracted insect cuticle the permeability of the system 
foils. A permeability-time curve (Fig. i) shows two distinct phases ; during the 
six hours following the addition of the drop, permeability falls rapidly to a com¬ 
paratively low value. But it is not until 120 hours later that the membrane 
attains a steady state, throughout which time the permeability continues to fall 
at a slow rate. The final figure obtained corresponds closely to the permeability 
of the intact cockroach cuticle (both systems having approximately of 
grease over the surface). 



Fig. I. —Graph showing permeabihty changes when a droplet of waterprooJQng grease 
from the cockroach is apphed to the centre of a membrane of wax-lree cuticle. 
Original permeability 15 mg /sq, cm./hr , dropping over fiist six hours to value 
approximately 3 mg,/sq, cm /hr. (a), and slowly to steady low value (S.V.^), After 
application of adsorptive dust (Dust), permeability increases to steady value (S.V.*) 
equivalent to that at (a). 

If the membrane is now sprinkled with ** inert ” dust, which is capable of 
adsorbing this mobile grease, permeability rises to the 6-hourly value ; no 
amount of extra clean dust or abrasion will increase this figure. Washing with 
chloroform, however, restores the permeability of the system to a value 
approaching the initial transpiration of the ungreased membrane. 

These results may be explained as follows. At six hours, the membrane surface 
has been covered by one complete, orientated and tightly packed monolayer 
of grease ; additional waterproofing is obtained by the even distribution of the 
bulk of the grease over the monolayer. Although inert dust can adsorb the grease, 
it cannot compete successfully for this monolayer. The physico-chemical forces 
which attract the polar groups of the lipoid molecules to the taxmed protein 
substrate of the membrane are stronger than those forces which would attract 
the grease onto the dust particles. Hence the transpiration value at six hours 
after spreading, or after dusting, represents approximately the waterproofing 
cottfen^ by a monolayer of cockroach grease. Chloroform, however, has great 
affini^ for the liquid molecules, and is capable of detaching the monolayer. 

It is well known that a monolayer of long-chain molecules, spread over the 
surface of water, is capable of depressing evaporation very considerably. It is 
perhaps interesting to note that Rmnsay ’ showed that a droplet of water placed 
on the cockroach cuticle does not evaporate at all quickly ; it is protected by a 
thin film of grease which spreads over it, Danielli “ and others have suggested 
that cell surfaces, including erythrocyte membranes, are composed of layers of 

Danielli, Cold Spring Harbour Symp^, 1938, 7, 393, 
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lipoid materials orientated into monolayers at protein surfaces. Now the main 
constituents of the insect waxes so far investigated appear to be polar molecules, 
such as acids, alcohols and esters, with only a small percentage of non-polar 
paraf&ns. Presumably polar molecules are important m the organisation of a 
monolayer at the epicuticle surface and any paraf&ns will take up similar align¬ 
ment through the action of van der Waals’ forces along the carbon chain of the 
polar molecules. 

Preliminary X-ray analysis indicated that in a film of beeswax without 
substrate, molecules were aligned into crystallites of random distribution; if 
wax was deposited onto a silk meshwork, the molecules were highly organised 
and oriented perpendicular to the direction of the silk fibres along the wax-silk 
interface. 

These results lead us to the conclusion that it is the innermost monolayer of 
the wax lamina on insect cuticle—a layer which is highly organised by the 
cuticle surface and closely packed—^which is responsible for the greater part of 
waterproofing. No doubt, as X-ray and birefringence studies indicate, this 
monolayer will itself organise a degree of orientation in the layer of lipoid above 
it. Orientation would become less and less as the distance from the original 
substrate increased (especially as the wax is not a homogeneous material and 
contains molecules of varying length). Such a phenomenon would explain the 
non-linear nature of the permeability—^wax-thickness curves described above. It 
is perhaps not without significance that the majority of insects secrete a minimal 
thickness of wax (o-25ji.) compatible with maximal waterproofimg. 

An explanation of the sudden changes in permeability at the critical tempera¬ 
ture is now possible. Changes in optical properties (indicating crystal changes) 
occur a few degrees below the meltmg points of fragments of extracted waxes. 
Pieces of wax placed in the air-water interface of a waterbath spread slowly 
at temperatures below their melting-points, as shown by the movement of 
lycopodium powder on the water surface. If Rhodmus cuticular wax, or beeswax, 
is deposited as a film on a glass coverslip, contact angle measurements with water 
droplets on the waxy surf^e indicate that it is quite hydrofuge.^® No change is 
occasioned by immersing the film in water at temperatures below the critical 
temperature; the contact angle is measured each time against the dry wax to 
obviate the effect of adsorbed water. But if the film is immersed at temperatures 
between the critical temperature of the wax and its melting-point, the dry wax 
becomes permanently more hydrophilic. Obviously, at the higher temperature, 
the wax surface has been organised so that the polar groups are exposed, which 
produces the hydrophilic surface. Contact angles of water droplets on similar 
wax films on glass, have been measured over a range of temperatures; they 
indicate a reorientation of wax molecules, so that polar groups are exposed, at 
temperatures which for each species is very close to the critical temperature, 

AU this evidence indicates that the critical temperature occurs when a 
monolayer of mixed waxes starts to disorientate or reorientate. Miiller ^ 
described changes in the crystal spacings of »-parafiBn waxes when heated to 
'' transition points ” well bdow the melting-point of the wax. It is, therefore, 
suggested that the phenomenon of increased permeability of insect cuticle 
at critical temperatures is due to the disorganisation of the tightly packed 
monolayers on the tanned protein substrate of the epicuticle. >^en the 
molecules of lipoid reach such a degree of kinetic oscillation that this may 
amount to complete rotation, the van der Waals' forces are disrupted and 
in the subsequent arrangement water may pass through the intermolecular 
spaces more readily. Ramsay ’ demonstrated such a phenomenon, using 
the cockroach. It has been indicated above that a droplet of water placed 
on the cockroach cuticle becomes enclosed by a thin film of grease. Evapora¬ 
tion from the droplet is very slow, but should the temperature exceed the 
transition point (critical temperature) the droplet evaporates very quickly. 

These principle have also been applied to the waterproofing of insect 

Greenough and Beameut (unpublished work). 

“ Mailer, Pvoc. Roy. Soc. A, I93ifc, *38, 5i4- 



i82 


ISOLATION OF A WAX-LIKE MATERIAL 


egg-shells.^^ The eggs of some insects have a wax layer, supported by 
a tanned protein substrate, on the inside surface of the shell layers; this 
wax layer protects the eggs from desiccation. Their properties are identical 
to those of the cuticular wax layers and show sh^ transition points. Other 
eggs, such as those of the Argasid and Ixodid ticks have wax distributed 
over the external surface of the egg-shell and the situation is very similar 
to that of cuticular lipoids. Again these shells often contain laminae of 
various kinds of lipoproteins, with a high content of chemically combined 
lipoid. The egg-shell of Rhodnius has three such layers, none of which is 
a barrier to water if the all-important wax layer has been destroyed. 

Beament has recently investigated the changes in the permeability of 
the Rhodnius egg-shell during die development of the embryo. A layer of 
protein is secreted, which covers the inside of the shell and waterproofing 
wax layer. This protein is later impregnated with a waxy material which 
I can be removed by chloroform. The resultant system is certainly capable 
i of considerable resistance to the passage of water, but it does not give a 
sharp transition point on recording permeability changes at various tempera¬ 
tures. The properties, when investigated by poisons, abrasives, detergents 
I and the penetration of dyes, are altogether different from those of the normal 
I type of waterproofing layer, which is a discrete lamina of wax. It is very 
1 interesting to note that bodi types of waterproofing mechanism may exist 
in the same set of membranes and that physical, chemical and biological 
methods as outlined above will distinguish clearly between waterproofing 
t by a wax la^ system and by a protein impregnated with wax. 
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ISOLATION OF A WAX-LIKE MATERIAL FROM THE 
SHELL OF THE GRASSHOPPER EGG 
By Eleanor H, Slifer 
Received lyfh January, 1948 

The importance of a layer of wax on the surface of the cuticle in the 
control of water-balance in insects has been emphasised during the past 
few years,^ ® ® ^ ® In 1946, Slifer ® reported that the embryonic diapause of 
the gra^opper, Mdanoplns differerdiaUs, could be broken by treating tlie 
^gs with xylol, etc. The results of a series of experiments led to the 
conclusion that the action of these solvents was at the hydropyle and that 
they dissolved away from this area a waxy material which, during diapause^ 

1 Beament, /, Expt, Bioh, 1945, 2X, 115. 
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prevented the entrance of the water needed by the embryo to complete 
its development. While this paper was in press, a note by Beament ’ 
appeared in which he stated that the inner surface of the egg shell of 
Rhodnius proUxus is waterproofed by a thin layer of wax. Sevei^ months 
later, ® ® Beament described in detail the complex structure of the chorion 
of this egg and the manner in which it is waterproofed. The wax layer 
present on the inner surface of the chorion when the egg is laid he calls 
the primary wax layer. He also asserts that there is some evidence that 
a secondary wax layer is secreted later on the embryonic membranes which 
are formed just below the chorion. 

Beament ® isolated a waxy material from the shells of Rhodnius eggs 
which had hatched. He extracted vacated shells with boiling chloroform 
and obtained a white wax upon evaporation of the solvent. The amount 
present in a single egg, if evenly spread, is sufficient, he calculates, to form 
a layer approximately 0*46 in thickness. This, he thinks, may represent 
the combined thickness of the two layers, primary and secondary, mentioned 
above. 

Since Beament had succeeded in isolating a wax from Rhodnim eggs it 
seemed possible that this might also be done with those of Mdanophes, 
particul^ly since experimental work had already suggested that waxes 
were present. This paper deals with the isolation of such a wax, certain 
of its properties, its distribution on the surface of the egg and tiie amounts 
obtained from eggs in diapause, from eggs in which diapause had been 
broken by cold and from eggs at hatching. 

Method of Extracting the Wax 

When the first experiments were undertaken to determine the efiects of xylol 
on diapause in the grasshopper egg, the xylol which had been used to treat the 
eggs was allowed to evaporate. A film of white, waxy material remained in 
the dish. This suggested, naturally, that the xylol had removed from the 
surface of the egg some material which was effective in producing diapause. 

Carbon tetrachloride, like xylol, will break diapause ® and, since it has a con¬ 
siderably lower boihng point, was chosen in preference to xylol for the extraction 
of the wax All of the carbon tetrachloride (Merck C.P) used was redistilled 
in a Pyrex glass still. "When a 20-cc. sample of this wa^ allowed to evaporate 
no visible or weighable residue remained. 

Since the wax is present in very small amounts it was necessary to use large 
numbers of eggs in each experiment. The pods were gently broken up in water 
and all sand, debris and spoiled eggs removed. After many washings in distilled 
water each egg was examined under a dissecting microscope to be ceitam that 
an embryo was present and that the chorion was free from blemishes. 

In experiments with diapause eggs and with eggs in which diapause had been 
eliminated by exposure to cold, the chorion was removed by hand after alternately 
wetting and drying the eggs several times. The chorions were dried overnight, 
or longer, above CaCla and then extracted with CCl* according to the procedure 
to be described below. The eggs from which these chorions had been removed, 
and which had been kept meanwhile in distilled water, were dried on filter-paper 
and themselves extracted with CCl 4 This removed any wax which might be 
present on the chitinous cuticle, of which the hydropyle is a specialised part. 

Vacated shells were secured by allowing cold-treated eggs to hatch. The 
shells left behind by the young grasshoppers were picked out, counted, dried 
over CaCls and extracted with CCI4. E^h vacated shell includes not only the 
chorion but, adherent to its inner surface, the thin yellow layer of the chitinous 

? Beament, Nature, r946, * 57 , 370. 

® Beament, Proc, Roy. Soc. B, 1946. X33, 407. 

• Beament, Quart, J, Micro, Sci,, 19^6, ifj, 393. 

10 Beament, J. Expt. Biol,, 1947, 23. 213. 

“Slifer, Biol, Zentr,, r932, 52 , 22^, 



i84 isolation OF A WAX-LIKE MATERIAL 

cuticle.^® Any wax which is present on the inner surface of the chorion or the 
outer surface of the chitinous cuticle should be present in the extract. 

In certain experiments, whole eggs were extracted with CCl* and in others, 
part or all of the chorion was removed with NaOCl before extraction. 

Chorions and vacated shells were extracted with 6 cc. of redistilled CCI4 for 
15 min. and the fluid filtered onto a weighed watch glass. This was rej^ated 
three times and all of the CCI4 collected on the same watch-glass, where it was 
allowed to evaporate. Immediately afterwards, or on the following day, this 
entire procedure was repeated. Finally the chorions or shells were treated 
twice, for 5 min. each, with 12 cc. of boiling CCI4 and the hot extract caught 
on a third watch-glass. The watch-glasses, after the evaporation of the solvent, 
were weighed. The eggs from which the chorion had been removed were, mean¬ 
while, extracted four times, for 15 min. each, with 6 cc. of CCI4. Hot solvents 
cannot be used on them for they shrivel if so treated. 

Since only a few mg. of wrax are obtained from a large number of eggs the error 
in these determinations is considerable. To check the extent of this, the eggs 
from 40 pods, after thorough mixing, were divided into two lots and duplicate 
extractions made. The amount of wax obtained from one sample was 0*0019 mg. 
per egg and from the other 0-0028 mg. The quantitative results presented 
in this paper must, therefore, be considered as first approximations only. 
Perhaps in the future some more satisfactory way of estimating the amount of 
wax present can be devised. 

Properties of Wax Obtained from Surfaces of the Egg 

The wax or wax-like material obtained from the chorion and the chitinous 
cuticle is hard, white and amorphous. It resembles a high melting-point paraffin 
in appearance and chips readily when touched with a needle. The chips usually 
show an electrostatic charge and cling to the needle. Melting-point determina¬ 
tions were made with a Fisher-Johns apparatus on samples of wax which were 
placed on cover glasses, melted and then allowed to stand for at least 24 hr. 
after they had hardened. During the determination, the wax sample was 
watched under a microscope. As is often the case with natural waxes, which 
are usually mixtures, melting occurred over a range rather than at a point. 
As 46° c. was reached a few droplets appeared on the surface of the sample and 
at 56® c. the entire mass softened. At 60® c. melting was fairly rapid and 
between 64® and 65® c. nearly all became fluid. In some samples fusion was not 
complete until 70® c. had been reached. The wrax wras soluble, at room tem¬ 
perature, in xylol, toluol and chloroform, partially soluble in benzene and little, 
if at all, soluble in alcohol, ether and acetone. 

Amount of wax present at different stages of development*—^The 
results of experiments writh eggs in diapause, with eggs in which diapause had 
been broken by exposure to cold and with shells from eggs which had hatched 
are given in Table I. The figures in the last column indicate the total amount 
of wrax extracted. It is obvious that if there is any increase or decrease in the 
quantity of wax present during this period, the method is not sufficiently delicate 
to detect it. 


Localisation of the Primary Wax Layer 

According to Beament® the primary wax layer is deposited on the inner surface 
of the chorion by the protoplasm of the RhodniiAs egg shortly before it is laid. 
This layer extends across the inner ends of the micropyles, which penetrate 
the shell, and so waterproofs the egg efficiently even though it is excessively 
thin. Experiments with Melanoplm eggs indicate that these, too, are water¬ 
proofed near the time they are laid. 

Day-old eggs were removed from the pod, freed of debris and divided into two 
lots. One lot was placed on dry filter-paper and left there, exposed to the air, 
for 24 hr. at room temperature. The second lot, after being dried for a short 
time on filter-paper, was treated with xylol for 15 min,, drained and the eggs 

w Slifer, Quart. J. Micro. Sci., xgs7, 70, 493. 

^ Slifer, Science, 1945, *oa, 282. 
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placed on another piece of filter-paper beside the first set. Within 40 min. 
the xylol had evaporated from the second lot and every egg was badly shrunken. 
The untreated eggs, on the contrary, showed relatively little shrinkage even after 
24 hr. The most probable explanation for the marked difierence in the resistance 
to desiccation of the two groups of eggs seems to be that in the second lot the 
xylol had entered through the micropyles or other openings and dissolved the 
protective layer of wax. Additional evidence was obtained by placing day-old 
eggs in xylol and watching them under the microscope. In eggs so treated, 
the micropylar area and that immediately posterior to it becomes translucent 
instantly. The outermost layer of the chorion anterior to the micropyles is 
not penetrated by the xylol. Gradually the translucent region increases in size 
as the xylol passes anteriorly below the outer layers of the chorion. Soon the 
xylol reaches the anterior pole of the egg and the yolk particles, etc., inside 
the egg show very clearly through the chorion which has become as clear as 
glass. 


TABLE I 

Amount of Wax Extracted from (i) Diapause Eggs, (2) Cold-treated Eggs in 
WHICH Diapause had been Broken and (3) Vacated Shells of Eggs which had 

Hatched. 



Number of 
chorions, etc , 
used 

Mg. wax per 
chorion, etc. 

Total mg. 
wax per egg 

Diapause : 

Expt. r chorions ., 

788 

0*0023 

0*0028 

eggs . 

577 

0*0005 

Expt. 2 chorions .. 

6-14 

0*0017 


eggs . 

458 

0*0002 

0*0019 

Cold-treated : 

Expt. i chorions .. 

1273 

0*0025 


eggs . 

510 

0*0004 

0*0029 

Expt. 2 chorions .. 

1526 

0*0022 


eggs . 

632 

0*0000* 

0*0022 

Hatching : 

Expt. I vacated shells ,. 

1800 


0*0019 

Expt. 2 vacated shells .. 

2335 


0*0024 

i 


♦ Trace of residue in watch-glass not weighable. 


The chitinous cuticle in Melmioplus eggs is secreted by the embryonic serosa 
between the fifth and, approximately, the sixteenth day of incubation at 25® c. 
When this has formed, tie primary wax layer must tien be enclosed between 
its outer surface and the iimer surface of the chorion. Beament,® as additional 
proof for the presence of a waxy layer in this region, states that in the Ehodnius 
egg at hatching the chorion and membranes below it separate readily when the 
vacated shell is placed in chloroform. The same phenomenon occurs in the 
grasshopper egg and, in fact, was noted briefiy by the present writer in describing 
the method used to break diapause in this species : ** The small bit of chorion 
left at the posterior tip of the egg usually fell off a few minutes after the ^g 
was placed in the xylol.”* The chorion drops from the egg as if the cement 
which attached it to the cuticle had been dissolved away. When an attempt 
is made to remove this bit of chorion from an egg which has not been treated 
with xylol it is found that considerable force is necessary to pry it loose. 

In another experiment 46-day old diapause eggs, from 40 pods, were cleaned 
mixed and divided into four groups. In the first group the eggs were left intact, 
in the second group they were treated briefly with NaOCl so that the outermost 
layers only of the chorion were removed, in the third group the NaOCl was 
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allowed to act uatil all of the chorion in the middle region of the egg had dissolved 
but that at the anterior and posterior poles remained, and in the fourth group 
treatment with NaOCl was continued until every trace of the chorion was gone. 
Each group was then extracted with CCI4 as described above. The results 
appear in Table II. It will be observed that some wax can be obtained from 


TABLE II 

Amount of Wax Extracted from Diapause Eggs with the Chorion Intact, 
Partially Removed or Completely Absent. 


Condition of egg 

Number of eggs 
used 

Mg. wax per egg 

Chorion intact .. 

866 

0*0012 

Outer layers of chorion ofi 

659 

0*0018 

Chorion off except at tips 

634 

0*0017 

Chorion entirely gone .. 

665 

0*0000 


whole eggs but that not all of it is removed by the treatment. Presumably, 
this escapes through the micropyles or other small openings in the chorion 
at the posterior end. When, on the other hand, every trace of the chorion 
is removed all of the wax is lost with it. These results suggest, again, that the 
bulk of the wax is present on the inner surface of the chorion. 

An attempt was next made to discover whether the wax was equally distri¬ 
buted on the anterior and posterior portions of the egg. Diapause eggs were 
treated with NaOCl until the chorion over the middle half of the egg was 
destroyed while that at the ends remained. The eggs were then divided into 
three lots. The anterior third of each egg of one lot was dipped into a warm 
1 % agar solution and the posterior third of each egg in the second lot was 
similarly covered. The presence of the moist agar would, of course, prevent the 
solution of any wax directly beneath it. The third lot was left with no agar. 
After the agar had solidified and the eggs had been dried, each lot was extracted 
with CCI4. The results are given in Table III. We may conclude, so far as our 
present evidence goes, that the wax is spread rather uniformly beneath the 
entire chorion. 

TABLE III 


Amount of Wax Extracted from Diapause Eggs Partly Covered with Agar 

OR WITH NO Agar. 


Condition of egg 

Number of eggs | 
used 1 

Mg. wax per egg 

Anterior one-third covered 

366 

0*0014 


374 

0*0013 

No agar .. 

375 

0*0019 


Thickness of the wax layer*—If the wax is spread evenly throughout 
the space between the chorion and the chitinous cuticle it becomes possible to 
calculate the thickness of this layer. In order to do so, it is necessary to deter¬ 
mine the area of the inner surface of the chorion. For this purpose riie chorion 
from a diapause egg was cut into several pieces, flattened on a slide, and its 
image projected onto millimetre paper. The total area was close to 20 mm*. 
If we assume that the specific gravity of the wax is not far from i, and use the 
jailer figure for the wax obtained from diapause eggs (0-0019 mg. per egg) 
in Table I, the t h ic kn ess of the layer would be about o-io (jt; while if we use the 
larger figure (0-0028 mg. per egg), the layer would be approximately 0-14 jjt deep. 
Unless s^ial tec^ques were devised to show it, such a layer would not be 
visible with the highest power of the ordinary microscope, Beament*s results® 
for the egg of Rhodnius are larger, 0-46 p., but within the same general range. 
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Discussion 

No evidence has been presented in this paper for the presence of a 
secondary wax layer such as Beament believes may be formed in the 
Rhodnius egg.® Indirect evidence that such a layer occurs in Melanoplus 
already exists. As has been shown earlier/^ water absorption by the egg 
begins about the 5th day at 25® c. and continues for 10 days or more. 
Consequently the hydropyle, which is formed during the 5th, 6th and 7th 
days, must be permeable to water during this period and then, just before 
diapause, become impermeable. It seems probable that the hydropyle 
cells, towards the close of the third week at 25° c., secrete out onto the 
surface of the hydropyle what may be considered the secondary wax 
layer.* This would be comparable to the secretion of a wax layer onto the 
surface of the insect epicuticle, through pore canals, after the deeper layers 
have been formed.^ ® 

The question raised earlier * as to the manner in which the water-imper¬ 
meable hydropyle of the egg in diapause is converted into a permeable one 
at the end of diapause still remains. One suggestion made previously was 
that a portion of the wax might be destroyed, perhaps by micro-organisms in 
the soil. If such be the case the amount lost is undoubtedly too small to 
be detected with such methods as those used here. Another possibility, 
also mentioned earlier, would be some physical alteration of the excessively 
thin wax layer. Minute cracks, for example, might develop while the eggs 
are exposed to low temperatures. Further experimentation is needed here. 

Summary 

A hard, white, wax-like material has been isolated from the shell of the egg of the 
grasshopper (Melamplus differmUalis). It has a high melting point and is soluble in 
reagents commonly used to dissolve waxes. At least a portion ol this material seems to 
be deposited on the inner surface of the chorion before the egg is laid. This corresponds 
to the primary wax layer described by Beament for the egg of Rhodnius. A secondary 
wax laj^er is probably deposited at the hydropyle when diapause begins. The wax 
layer, on the assumption that it is uniformly spread over the entire inner surface of the 
chorion, is approximately o*io to 0*14 deep. The amount of wax obtained from shells 
of eggs in diapause, eggs with diapause broken and eggs at hatching ranged from 0*0019 
to 0*0029 nig, per egg in different experiments. Since the amount of wax is so small 
and the error in determinations high, nothing ffnal can be said concerning any changes, 
during development, in the quantity present. 

Department of Zoology^ 

State University of Iowa, 

Iowa City, Iowa, 

1 ‘Slifer, Quart. J. Micro. Sci., 1938, 80 , 437. 

♦ Cytological studies, not yet complete, suggest that such a secretion does occur 
at this time. 


PASSIVE AND ACTIVE WATER EXCHANGE THROUGH THE 
CUTICLE OF TICKS 

By a. D. Lees 

Received 2zst January, 1948 

T^e microscopic structure of the tick cuticle is in many respects very 
similm: to that of the insect integument.^ The cuticle is b^t up of layers 
of differing chemical composition. Over the soft parts of the body the 

^ See Wigglesworth, this Discussion. 
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epidermis underlies the endocuticle, a pliable fibrous layer of chitoprotein, 
which is bounded on the outside by the " epicuticle." The latter is itself 
composite, as in insects, and consists of successive, very thin layers of 
“ cuticulin," polyphenols and wax. In one family of ticks, the Ixodidse, 
the wax layer is freely exposed ; in the other, the Argasidae, it is protected 
externally by a further covering of cement.^ In all ticks there are pore 
canals, containing filaments of cytoplasm, which extend through the endo¬ 
cuticle from the epidermal cells; but whether these also penetrate the 
cuticulin layer of the epicuticle is not yet known witli certainty. 

In dry air at room temperatures, the water lost through the cuticle by 
transpiration amounts to less than o-2 % of that lost from a free water 
surface. This impermeability is in great measure a passive property of the 
cuticle and of the wax in particular. This can be demonstrated in the 
living tick if the continuity of the wax layer is destroyed by rubbing the 
cuticle with an abrasive dust. Resistant species, like Dermacentor andersoni, 
which would normally withstand these conditions for many weeks, then 
dry out completely within a few hours. The escape of water is also greatly 
hastened if the waxes are extracted from the cuticle with lipoid solvents 
or detergents. 

The properties of the waterproof!^ agents vary considerably from species 
to species. And this is reflected in the degree of impermeability of the 
cutide. The following is an estimate of the rates of transpiration, expressed 
in mg./sq. cm./24 hr., in a representative series of engorged ticks which 
were exposed to dry air at 25*^ c.: Ixodes ricinm, ii-i; /. hexagonus, 6-4 ; 
Amhlyomma cajenneme^ 2*0; Dermacentor andersoni, 1*7; Ornithodorus 
moubata, 0*9; 0 . ddancei acinus, 0*2. The cuticular waxes, like those in 
many insects,® * undergo transitional changes above the " critical tempera¬ 
ture and permit water to pass more freely. And a further point of resem¬ 
blance with insects is tliat the critical temperature (which may or may 
not fall below the thermal death point) is closely related to the transpiration 
rate at temperatures within the biological range. In the six species listed 
above, for example, the approximate critical temperatures are, respectively, 
32, 39, 43, 44, 62, and 67® c.® 

But the passage of water through the cuticle is not regulated only by the 
physical properties of the integument; it is also profoundly influenced by 
active transfer. This activity is manifested most strikingly in the ability 
of the living tick to take up water vapour from unsaturated atmospheres 
and to secrete water into the haemolymph.® Some examples wdth I. ridnus 
are diovm in Fig. i. If ticks are slightly desiccated at a low humidity 
(e-g-, 50 % R.H.) and are then exposed to saturated air, they gain rapidly 
in weight and swell visibly as water is transferred to the blood. At 
95^ ^ R.H, the desiccated ticks gain water at the rate of 5-10 % of their 
original weight per day. At 90 % r,h., however, their weight may remain 
constant or fluctuate ^htly from day to day. And at all lower humidities 
they lose water by evaporation. One coiisequence of this physiobgical 
activity is a departure from Dalton's law at high humidities—^for water-loss 
bears Uttle relation to saturation deficiency. 

It is clearly justifiable to refer to this process as secretion," since the 
uptake of water proceeds against a ^dient of vapour pressure. The 
osmotic pressure of the blood in J. ridnus (the imfed female) is equal to 
that of a I'l % solution of NaCl; and the blood would therefore be in 
equilibrium with a r.h. of 99-3 %. Yet water can be abstracted from all 

* I-ees. J, ExpU Biol,, 93, 379. 

» Wigglesworth, /. Expt, BtoL, 1945, ai, 97. 

* Beament, J. Bxpt. Btol , 1943, ax, 115. 

* Lees, Parasitology, 1946, 37 , i. 



A. D. LEES 


189 

htinudities down to approximately 90 % r.h. This latter point, at which 
the loss and gain of water is evenly balanced, has been termed the " equi¬ 
librium humidity/' However, as Krogh ® has pointed out in the analogous 
case of the ion uptake by aquatic animals, this condition will resemble a 
steady state, dependent for its maintenance on the continuous supply of 
energy, rather than a true equilibrium in the physical sense. 

The ability to secrete water in this manner seems to occur sporadically 
among terrestrial arthropods and has been demonstrated in a few insects, 
for example, in the mealworm larva,’ the grasshopper Chortophaga. ® and in 
the prepupa of the flea XenopsyllaJ^ Even in the tick it is only the unfed 
stages that can secrete water: the engorged tick, which obtains an ample 
supply of water from the ingested blood, usually lacks this power; and so 
also does the egg. 

In these insects the site of entry is unknown. A previous suggestion 
to the effect that water passes in through the spiracles can be disproved 
in the tick for uptake occurs normally when the spiracles are covered with 
an impervious paint (Fig. i). The cuticle itself must therefore be the 



Fig. I. —Loss and gam of water through the cuticle in J. nctnus. Each tick was 
first desiccated tor two days at 50 % r.h. before being exposed at 25® c. to the 
humidities mdicated. 


site of entry. This is somewhat surprisi^, for although the pore canals 
are probably the active agents concerned in transferring water through the 
main bulk of the cuticle, water will stiU have to pass in through the wax 
and polyphenol layers (and possibly the cuticulin layer) of the epkuticle 
before entering the cytoplasm. 

Powers of secretion do not appear to be restricted to any particular 
region of the epidermis. On the contrary, there are signs of co-ordinated 
activity among the epidermal cells. Thus, after any given small area of 
the cuticle has been rubbed with abrasive dust, uptake from a saturated 
atmosphere may fail completely, although most of tihe cells still lie beneath 
normjd, imdamaged cuticle. After a few days in damp air, recovery takes 
I>lace and the function is fully restored. 

« Krogh, Proc, Roy. Soc B, 1946,153,140. 

’ Mellauby, Proc, Roy, Soc, B, 1932, zix, 376. 

* Ludwig, Physiol, Zool.^ 1937, 342. 

• Edney, Btdl, Bwlomol, Res,, *947, 3% 263, 
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The water-content of the blood is regulated as follows. On exposure to 
a damp atmosphere the desiccated tick at first gains rapidly in weight, 
then gradually ceases to do so (Fig. i). As it is possible to ^ow that no 
water is eliminated by the excretory tubules during prolonged exposures 
to a humid atmosphere, secretion must also cease when the water-balance 
has been restored. And this is confirmed by the fact that ticks, when 
adapted to a saturated atmosphere, lose a little water on exposure to 95 % 
R.H. “before further loss is checked by the development of secretory activity. 

Tliis statement implies that active forces wffl always be at work save 
when the tick is in saturated air and has all the water it requires. Secretion 
may therefore be expected to play a significant role in the retention of water 
at low humidities. This indeed is borne out by the marked increase in 
cuticular transpiration tliat takes place when the tick is injured or killed. 
Moreover, the influence of the active mechanism can also be detected in 
the physiological effects of ageing.^® Ticks can survive for many months 
m damp air without feeding. But although at emergence they attain an 
equilibrium at a humidity of about 90 % R,H., the equilibrium humidity 
gradually rises as they age until, in very old individuals, a steady state 
can only be reached in saturated air. Simultaneously, the resistance to 
desiccation at humidities below the point of equilibrium declines and, of 
course, the ability to take up water from slightly unsaturated atmospheres 



Fig. a.*—Retention of water by a tick ( 7 . rtciniis) dunng continuous exposure to a 
humidity of 95 % r.h. at 2 >5° c. 

also becomes gradually enfeebled. This is illustrated in Fig. 2 where we 
plot the weight of a recently moulted female tick which was exposed for 
28 weeks to a humidity of 95 % R.H. The average equilibrium humidities 
of a series of ticks of the same age are shown above. No overall water- 
loss occurs until, after nearly 24 weeks, the equilibrium humidity passes 
above 95 % r.h. Then the tick begins to lose water and eventually 
succumbs to desiccation. 

The efficiency of the active resistance to desiccation is probably determined 
by the quantity of reserve materials, mainly fats, which are stored in the 
fat body and oldier tissues. Thus, if the tick is very active in its movements,, 
the reserves are soon exhausted and the resistance to desiccation falls off 
rapidly. The tick has then attained a physiological state comparable with 
that of a more aged but inactive individual. 

It will be clear from the forgoing account that the water-exchanges 
through the cuticle depend on the interplay of passive and active mechanisms. 
How are these related? With i^axd to tiie passage of water outwards 
through the cuticle, both mechanisms evidently combine to retain water 
with considerable efficiency. Nevertheless, passive retention by the cuticular 
waxes is of major importance for, as we have mentioned, secretion alone 
cannot prevent veiy rapid transpiration after the wax layer has been 
damaged by abrasion. The presence of this physical barrier therefore 

Lees, 1948 (unpublished work). 
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reduces the rate of diffusion to a level such that the active mechanism can 
make a significant contribution towards water conservation. 

On the other hand, it is an interesting fact that the passage of water 
inwards through the cuticle takes place very easily and appears iudeed to 
be little influenced by the presence of the wax layer. The evidence for 
this statement is indirect and has been obtained by comparing quantitatively 
the rate of uptake of water in a range of species selected for tiie differences 
in cuticle permeability. Some results with four species are shown in 
Table I. Each pair of values for evaporation in dj^ air and uptake m 
95 % R.H. or in saturated air refers to the performance of a single unfed tick 
which had moulted within the previous month. 

TABLE I 


The Rate of Passage of Water through the Cuticle of Several Species of 
Ticks in mg./sq cm 724 hr at 25® c. 



I_ A_ 1 

1 ____ 

t - 

Evaporation 
in dry air 

- \ 

Uptake at 

95 % R H. 

t - 

Evaporation 
in dry air 

Uptake in 
saturated air 

I \ odes r%c%mis 

5*6 

1*9 

4*4 

4*0 

Amhlyomma cajennense 

1*2 

I 9 

1*3 

3*1 

Rhtptcephahis sanguvneus 

1*2 

2*7 

1*6 

5-1 

Dermacentor andersom . 

05 

1*6 

0*3 

3*0 


Although the transpiration rate in dry air differs by a factor of about 
10 in the most resistant and most susceptible species, the rate of uptake 
through a unit area of cuticle is approximately constant in all of them. 
It would appear therefore that the relative permeability of the cuticle in 
the direction endo- to epicuticle is not a limiting factor in water-uptake, 
which may be governed rather by the capacity of the epidermal cells to 
secrete water at a particular humidity. 

This result serves also to throw into relief the notable asymmetiy of the 
water movements through the cuticle. In I. ridniAs (where the phenomenon 
is least marked) water passes inwards from saturated air at about the same 
rate as it passes outwards through the cuticle into dry air. Yet, were the 
cuticle a simple permeable membrane and the water movements subject 
only to the laws of diffusion, we should expect from the vapour pressure 
relations that water-loss would be over 100 times more rapid than water-gain. 
Of course the tick cuticle is not a simple membrane but instead is made up 
of successive layers (endocuticle and epicuticle) with strong hydrophilic 
and lipophilic a&nities. And it has been pointed out that the rate of 
passage of water across such systems may be far from equal in the two 
directions.^ Nevertheless, in Ae present instance it is hardly possible to 
judge whether the properties of the cuticle are involved, for secretion itself 
generates “ anomalouswater movements through the cuticle. 

It is extremely dijficult to form an adequate hypothesis of the mechanism 
of water-gain. A suggestion frequently advanced is that uptake may 
depend on the hygroscopic properties of the cuticle. This may be the 
explanation; nevertheless, very large suction forces would have to be 
developed by the cell in order to withdraw water from the capillary spaces 
in the cuticle. A capillary, in which water would condense at all humidities 
above 90 % R.H., would have a diameter of 210 A; and a suction force of 
about 140 atm. would have to be exerted before any water was removed. 
The blood osmotic pressure of the tick (9*2 atm. in I. ricirmi) provides only 
a small contribution in overcoming this adverse gradient. It is true that 
in the living tick the retention of water near the equilibrium humidity is 

Hurst, Naturet 1^41, X 47 » 3^8. 
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determined by the relative humidity of the atmosphere, in much the same 
way as the water content of a hygroscopic body.® Nevertheless, it is 
equally possible that, diffusion processes apart, a dependence on relative 
humidity would also characterise other quite different mechanisms. 

A more instructive approach may be to consider the energy requirements 
of secretion in relation to the potential energy stores available to the animal. 
As with many other active processes, the former may perhaps be rather 
small. Thus the free-energy change involved in transferring water from 
an atmosphere of 95 % r.h. to one of 99-3 % r.h. amounts to only 
1*46 X 10"® cal./mg. at 25° c. This minimal figure may be taken as a basis 
for further calculation. Now the tick takes up water from 95 % r.h. at 
the rate of 0*2 mg. per day. The energy expenditure would therefore be 
2'9 X 10"* cal. As I mg. of fat 3delds 9*3 cal. on combustion, the tick 
would oxidise at least 3 ‘i X lO”® mg. during this period. The various 
depots in the unfed female {Ixodes ricinus) contain about 0-12 mg. of fat 
at emergence; one day of active secretion would therefore require the mini¬ 
mum utilisation of only one part in 3800 of the stored fat. The conclusion 
that the secretion of water creates only a negligible demand on the reserve 
materials (in comparison with the demands of the other metabolic processes) 
is supported by some experimental evidence. For example, if the tick 
experiences long periods of secretory activity at 95 % r.h., its survival (which 
depends on the continued presence of reserves) is not appreciably cut short 
when it is subsequently returned to saturated air. It may be added as a 
corollary that in taking up 0*2 mg. of water the tick will gain a relatively 
large amoimt of latent heat, namely o-ii cal. Presumably this is rapidly 
dissipated to the environment. 

The writer is indebted to Dr. J. A. Ramsay, of the Zoological Dept., 
Cambridge, for estimating the osmotic pressure of tick blood and for 
assistance in formulating the energy changes involved in secretion; and 
also to Dr. D. J. Crisp and Mr. J. C. Bevington for advice and discussion. 

Summary 

The tick cuticle closely resembles that of insects in structure. The endocuticle is 
penetrated by pore canals arising from the epidermis. And the complex ** epicuticle ” 
is made u]p of successive layers of ** cuticulin," polyphenols and wax; in the Argasidae 
the latter is covered by an additional layer of cement. 

Resistance to evaporation is, in large measure, a passive property of the cuticle, 
conferred by the presence of the waxes in the epicuticle. Impermeability is therefore 
destroyed when the cuticle is rubbed with an abrasive dust or treated with a wax 
solvent. The widely dissimilar powers displayed by difierent species of ticks in 
resisting desiccation are a reflection of the specific properties of the wax. 

But active secretion is also of great importance in regulating the passage of water 
through the cuticle of the Uving tick. After desiccation, unfed ticks take up water 
when exposed to high humidities and secrete water into the hsemolymph. This exchange 
also takes place entirely through the cuticle, where presumably the pore canals and 
epidermal cells are the active agents. 

The newly-emerged tick comes into equilibrium with an atmosphere of about 90 % r.h. 
Above this humidity it takes up water, ceasing to do so only when the normal water- 
balance has been restored; b^ow this humidity it loses water by evaporation, but 
even under these conditions, secretion is responsible for restricting the rate of water- 
loss. As the tick ages its powers of taking up and actively retaining water gradually 
decline until finally it can reach equilibrium only in saturated air. 

Despite considerable differences in the rate of water-loss in dry atmospheres, the 
rate of water uptake through the cuticle is nearly constant in all the species examined. 
In short, although the passive retention of water is greatly influenced by the nature 
of the wax, active uptake seems to be limited oxily by the capacity of the epidermal 
cells to secrete water, 
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ASYMMETRICAL BEHAVIOUR OF INSECT CUTICLE 
IN RELATION TO WATER PERMEABILITY 


By H. Hurst 
Received 2$ih February, 1948 

The evaporation of water through the cuticle of a living insect is mainly 
influenced by the thin outer epicuticle layer, which contains waxy com¬ 
ponents. Recent work, notably by Wigglesworth ^ and Beament,® indicates 
that the passage of water through the cuticle is restricted by a thin homo¬ 
geneous layer of wax on the tanned protein, or cuticulin surface, of the 
epicuticle. The main impermeable barrier is a thin monolayer of orientated 
wax molecules at the “ epicuticular interface.” 

Hurst ® has shown that isolated insect cuticle is more permeable to water 
in the direction epicuticle-^endocutide than in the reverse direction. The 
magnitude of this asymmetrical behaviour is in the nature of an “ aJl-or- 
none " effect, and suggests that contact with liquid water induces a change 
in structural organisation which extends beneath the epicuticle surface, 
and is independent of a superficial layer of wax molecules. It has since 
been found that the phospholipids, lecithin and cephalin, which are highly 
solvated in water, can participate in the bulk framework of the epicuticle 
so that the rate of evaporation of water in the direction epicuticle-^endocutide 
is greatly reduced. Further observations led to the condusion that the 
epicutide is analogous to a porous valve system, the walls of the pores 
being a restraining flexible network which endoses a laminated lipo-protein. 
The packing of the lipid components is decreased when the network swells 
in the presence of liquid water, and increased when the network shrinks. 
When fte network is extended by water, phospholipids can penetrate into 
the epicuticle, and become adlineated to form a “ mixed phase ” at the 
lipo-protein interfaces. The presence of liquid water at the polar interfaces 
in the laminae enables the phospholipids to spread and compress the structural 
lipids so that the permeability of the mixed phase is decreased. In this 
way the coefficient of asymmetry is decreased. 

The object of the present paper is to present relevant experimental 
evidence in support of this structural pattern, and to show how this pattern 
is modified in different cuticles. 

Evaporation of Water through Isolated Cuticles 

The cuticle of the blowfly larva, Calhphora erythrocephala, is suitable for 
studying the rates of evaporation of water in the systems: 

(r) water 1 endocuticle | epicuticle I air 

(3) water ; epicuticle j endocuticle | air 

The cuticle is soft and flexible, and the surface is hydrophilic, and oleophobic 
in the presence of water. When dry, the surface is wetted by water, or by oil, 
and no superficial waxy layer is present. 

* Wigglesworth, J. Expt. Biol., 1945. ai, 97. 

* Beaiuent,'/. Expt. Biol., r945, ai, trs. 

* Hurst, NcOure, r94r, 147, 388. 
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The cuticles are removed from the mature larvae by dissection under water, 
and attaxihed to micro-osmometers, as shown in Fig. i Each osmometer tube 
has a capacity of about i cc.; the dimensions are length 2*6 cm., width 0*23 cm. 
and internal diameter 0*22 cm. The cuticle is tied to the lower rim of the tube 

with elastic thread, the tube is then 
filled with water, and connected to a 
bent capillary tube (calibrated in divi¬ 
sions of o-ooi cc.) by a piece of thick 
pressure tubing. The water in the 
osmometer extends into the capillary 
tube, and the rate of evaporation of 
water through the cuticle can be 
measured directly by the movement 
of the column in the capillary. The 
osmometers are mounted on a support 
and are observed through the glass 
Fig. I. —^Micro-osmometer. windows of a constant-temperature 

chamber, in which the humidity can 
be adjusted to a given value. In system (i), the endocuticle is in contact with 
the water in the tube; in (2), the cuticle is reversed. Fig. 2 a shows that 
the rate of evaporation of water 7^10. (2) is much greater than in (i), 

The coef&cient of as37mmetiy can be expressed by ^2/^1- In these particular 
experiments ^2/^1 is approximately 70 (20 min.)-2o (60 min). 



Fig. 2 .—^Evaporation of water through isolated CalUphora cuticles, 
rj represents system: water | endocuticle | epicuticle | air. 
fa represents system: water [ epicuticle [ endocuticle [ air. 
^(^i)» <*(^*)» untreated; b(fi), 6(f*), chloroform treated. 


Action of Chlorofonn Treatment on the Coefficient of Asymmetry.— 
If cuticles are used from insects which have been immersed in chloroform for 
about 30 min., there is a slight increase in f j, but a relatively greater increase 
in ft (Fig. 2 &). From this experiment it may be concluded that chloroform 
has removed some fat-soluble component from the epicuticle surface or from 
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'within the bulk framework. The relative change in fa shows that the labile 
lipid can exert a waterproofing action on the cuticle when the epicuticle is 
directly in contact with liquid water and the endocuticle with air. 

Desiccating Action of Ethyl Alcohol.—^The two systems, 

{a) water I cuticle I air, 

(6) water ] cuticle | ethyl alcohol, 

are analogous if air and ethyl alcohol are regarded as dehydrating media which 
remove water from the outer layers of the cuticle. There is, however, one 
important difference. In (a), it is possible that the outer protective layers 
contain water vapour. In (6), this possibility is precluded owing to the presence 
of mutually miscible liquid phases on opposite sides of the membrane. It is 
of interest, therefore, to see whether the cuticle still shows asymmetrical 
behaviour when the dehydrating medium is alcohol. 
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Fig. 3,—Desiccating action of ethyl alcohol, 
f X represents system: water 1 endocuticle | epicuticle I alcohol, 
f 8 represents system: water j epicuticle j endocuticle j alcohol. 


Isolated cuticles of Calliphora are attached to osmometers filled with water 
and the exposed surfaces immersed in ethyl alcohol. The systems can be 
represented thus: 

(1) water | endocuticle 1 epicuticle | ethyl alcohol. 

(2) water | epicuticle | endocuticle 1 ethyl alcohol. 

Since two liquid phases are present on opposite sides of the cuticle, a charge 
in volume of the water phase represents the difference between the rates of 
flow of water and alcohol in opposite directions across the membranes. Some 
information about (i) can be deduced from the behaviour of the living insect 
when immersed in ethyl alcohol. The insect survives, showing that alcohol 
does not penetrate the cuticle in significant quantities, even after an hour. 
Since there is no appreciable loss in‘weight, it can be concluded that water does 
not pass from the insect into the alcohol. These effects are consistent with 
the m a i n tenance of a relatively constant volume in the osmometer in (i) (Fig. 3). 
The decrease in volume in (2) is due to the flow of water into the alcohol phase. 
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The results correspond closely with those for the evaporation of water through 
similar cuticle systems. It would appear that there is some valve mechanism 
in the epicuticle which closes either by the reduction in hydration of the 
epicuticle, or by the action of fat-soluble lipids in the epicuticle framework. 
These lipids must be relatively mobile, since they are displaced by chloroform. 

The Assodation between the EpicutLcular Lipids and Proteins 

Wigglesworth * has shown that the epicuticle is secreted as a thin hydrophilic 
protein membrane, which becomes tanned and impregnated with lipids. 
Pryor ® has demonstrated that the tanning of insect cuticle during the natural 
hardening process involves the combination of an o-quinone with the basic 
amino or imino groups of the protein side-chains. The introduction of aromatic 
cross-linkages into the protein fabric results in a decrease in hydration, flexibility, 
and the cuticle darkens. This process is analogous to the tanning and hardening 
of gelatin by jf^-benzoquinone. In the insect cuticle, however, the o-quinone is 
formed in situ from the oxidation of a polyphenol (structurally related to 
catechol) by a phenoloxidase which is present in the cuticle. Both the enzyme 
and the substrate are secreted into the cuticle before hardening takes place. 

Hardening takes place after a moult, when the new cuticle is soft. This 
occurs in Tenebrio larvae, and in Rhodmus. In blowfly larvae, however, the 
hardening takes place at pupation at the end of larval life. In the feeding 
larva, the cuticle is white, soft and flexible, but the actual cuticulin framework 
of the epicuticle is extremely resistant to the action of strong acids, such ais 
HCl or HNOj. The polyphenoloxidase and polyphenol are absent at this stage, 
yet when the cuticulin layer is warmed in HNO3 and KClOs, oily droplets are 
produced, in a similar way to the appearance of droplets from quinone-tanned 
cast skins of Rhodnius,^ These observations suggest that the chemical stability 
of the cuticulin layer is not necessarily dependent on a tanning process, but 
on an extremely stable association between the lipids and structural proteins. 
A clue to the nature of this association is given by the following experiments. 

When an insect is immersed in a solution of ^-benzoquinone in a fat solvent, 
the conditions which exist at the cuticle surface may be represented by the 
system : 

Endocutiole Epicuticle Substrate 

blood water [ lipids fat solvent 

I proteins ^-benzoquinone 

At the epicuticle-substrate interface there is a competition between the lipids 
and the j&-benzoquinone for the basic groups of the protein. If the lipids are 
displaced from the protein by the fat solvent, the protein can combine with 
the quinone. The degree of cuticle tanning, therefore, is an indication of the 
extent of protein delipidation, provided that the fat solvent itself does not 
block access of the quinone to the protein. Moreover, if the storage capacity 
of the fat solvent for water is large, delipidation of the protein will be accom¬ 
panied by the passage of water from the cuticle into the substrate. For a range 
of structurally related fat solvents, such as the homologous series of normal 
primary alcohols, the time taken for paralysis is a sensitive criterion of the 
rate of penetration of alcohol. The relationships between alcohol uptake, 
desiccating action and cuticle tanning when mature Calliphora larvae are in 
contact with alcoholic solutions of ^-l^nzoquinone are summarised in Table I. 

The following conclusions may be drawn from Table I. 

(a) As the homologous series of alcohols is ascended, paralysis inception time 
decreases to a minimum at amyl alcohol (C®) and then increases (Cg-Cg).’ 
A similar relationship exists when the response measured is desiccation. If 
biological activity is related to the packing or penetration of alcohol at a lipid- 
protein int«p|ace within the epicuticle, it is clear that the lower alcohols fadl to 
penetrate because the hydrocarbon chains are too short to produce the separation 

* Wigglesworth, Quart, J. Micro, Sci,, 1933, 76, 269. 

« Pryor, Proc. Roy, Soc, B, 1940, ia8, 378, 393. 

• Wigglesworth, Proc. Roy. Soo. JB, 1947, ^^3* 

^ Hurst, Trams. Faraday Sac., 1943, 39, 390. 
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of the hydrocarbon chains of the lipid. At butyl alcohol, however, a critical 
value in the associating force between the alcohol and lipids is attained and 
the resistance to penetration breaks down, resulting in a sharp rise in activity 
and desiccating action owing to the separation of the lipid chains. 


TABLE I 

Relationships between Alcohol Uptake, Desiccating Action and Cuticle 

Tanning 


Alcohol 

Paralysis time 
(min.) 

% loss in weight 
(3 hours) 

Relative tanning 
(45 min.) 

Cl Methyl 

81 

_ 

+ 

Ca Ethyl 

52 

— 

4- 

C 3 Propyl 

27 

1*4 

4- 

C 4 Butyl 

6*4 

7-6 

4- + + 4- + 

Cg Amyl 

2*1 

12*2 

+ + + + 

Ce Hexyl 

3-9 

9*8 

4-4 + 

C 7 Heptyl 

5*6 

5*3 

+ 4 

Cg Octyl 

7*9 

4*6 

1 

4 

j 


Results record average for 5 insects per test: 20 ® c. Vol. substrate, 20 cc. : 
I % ^-benzoquinone. 


(b) Butyl alcohol not only induces a separation of the lipid chains, but disrupts 
the polar linkages between the lipid and structural protein. In the absence of 
benzoquinone, the cuticle becomes opaque and appears to be coagulated. In the 
presence of benzoquinone, the cuticle is tanned. 

(c) Although biological activity and desiccating action reach a maximum at 
amyl alcohol, the degree of tanning begins to fall off at butyl alcohol, showing 
that another factor is beginning to restrict access of benzoquinone. It would 
appear that, after penetration into the lipid chains, the alcohol competes with 
the benzoquinone for the polar side-chains of the protein. In other words, the 
alcohol replaces the more labile lipids which have been displaced from the 
protein. Amyl alcohol, in fact, exerts a protective action on the proteins, even 
though its delipidating action is more pronounced than that of butyl alcohol. 
This is shown by the slower coagulating action and tanning action in the presence 
of benzoquinone. With the higher homologues, the progressive fall in biological, 
desiccating, and tanning activity is due to a decrease in the rate of penetration 
of the lipid chains owing to the increase in mutual adhesion between the hydro¬ 
carbon chains of alcohol molecules. This suggests that the lipid-protein “ inter¬ 
face is not strictly analogous to an oil-water interface where the adsoiption 
and adlineation of alcohol increases with chain length. Similar results are 
obtained in alcoholic solutions of catechol (i %). 

Adsorption of Alcohols at Lipid-protein Interface 

The system amyl alcohol-catechol is of special interest because the amyl 
alcohol apparently increases the initial rate of penetration of catechol to the 
lipid-protein or lipid-phenoloxidase interface, and then competes with the 
catechol at the interface. The first effect is due to a separation of the hydro¬ 
carbon chains of the lipids, while the second reflects an equilibrium condition 
after penetration of both reactants has taken place. If an additional com¬ 
ponent, chloroform, is introduced into the system, it will increase the permeability 
of the lipid chains, but will not compete with catechol for the basic groups of 
the protein side-chains. In the system chloroform-alcohol-catechol, therefOTe, 
an equilibrium condition will be rapidly attained, and the rate of cuticle tanning 
indicates the degree of competition between the alcohol and catechol at the 
lipid-protein interface. Results obtained for homologues within the range 
C<rUi8 2tre shown in Table II. 

It is seen that, when chloroform has increased the permeability of the Hpids, 
maximum inhibition of cuticle tanning occurs at amyl alcohol. It is significant 
that the higher homologues, Cx4, Cj,, Cj*, which have the physical properties of 
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waxes, do not block the access of catechol to the protein. If we assume that 
the protein is strongly hydrated so that a liquid water phase is in contact with 
the chloroform phase, the higher alcohols should become adlineated and packed 
at the chloroform-water interface. The delipidation of protein by chloroform 
increases the hydration of the protein components, and the presence of liquid 
water should increase the asymmetrical field of force which determines the 
orientation and stabihty of the adsorbed alcohol monolayer. Since cuticle 
tanning is not inhibited, the restraining barrier must be localised in the bound 
lipids, which are not dispersed by chloroform. 


TABLE II 

Competition between Alcohols and Catechol for adsorption at Lipid-protein 
Interface in the presence of Chloroform 


Alcohol component 


Relative tanmng (30 min) 


C4 Butyl 
Cg Amyl 
Ce Hexyl 
C, Ilcptyl 
Cg Octyl 
C^4 Totradecyl 
Cl 8 Cetyl 
C18 Octadecyl 
Cmoroform—3 % catechol 
(Control) 


+ + + 
+ 


+ - 1 - + 
+ + + -h 



Chloroform mixtures contain 3 % alcohol, 3 % catechol. 
Results record average for 5 insects per test: 20® c. 


Stability of Lipo-protein Components of Epicuticle 

More critical evidence for the existence of a stable lipo-protein fabric in the 
epicuticle is obtained with systems of the type : non-polar solvent—short-chain 
alcohol (Ci-C,)—catechol. 

Kerosene may be used as a non-polar solvent, which is non-toxic to Calliphora 
larvae, but greatly increases the permeability of the cuticle to ethyl alcohol. 
An interesting sequence of events can be followed when mature larvae are 
immersed in a mixture (2 : i) of ethyl alcohol aind kerosene containing 2 % 
catechol. The insects survive in the separate solvents for longer than an hour, 
and are not tanned by catechol in solution. In the mixture, however, the 
insects die within 10-20 sec., and death is followed by clearly defined changes * 

{a) The insects swell rapidly owing to the penetration of alcohol into the blood. 

(b) A cloudy zone appears in the substrate near the cuticle surface, and 
especially at the intersegmental membranes. This is due to the passage of 
water from the insect resulting in a displacement of kerosene from solution in 
alcohol. 

(c) Within 1—2 min. the cuticle turns pink, then red, and the tanning rapidly 
becomes intensified. 

(d) In about 5 min. the insect has increased in weight by about 50 %, and 
bursts, liberating the body fluids and tissues into the substrate. 

Similar results are obtained with ^-benzoquinone as the tanning agent, showing 
that the lipids exert a similar protective action on the structural proteins and 
on the associated phenoloxidase. The rate of tanning in the mixed solvent 
system is many times as rapid as that which takes place when the tanning agent 
is dissolved in either component. The access of tanning agent clearly depends 
cm a joint action of the solvents on the structural fabric of the epicuticle. The 
simplest asscxdation between kerosene and the lipids is a solvating action leading 
to ttie separation of the lipid chains. The mobile short-chain alcohol can now 
penetrate through the lipid chains and disrupt the polar linkages between the 

« Hurst, Nature, 1940,145, 462. 
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lipids and protein. The alcohol diffuses away from the site of induced pene¬ 
tration into the blood, while the kerosene remains immobilised in the lipids. 
The coagulation of the cuticle appears to be associated with the separation of 
the polar points of attachment, since kerosene or ethyl alcohol produces no 
visible change in the texture of the cuticle. The combined action of ethyl 
alcohol and kerosene is therefore similar to that of butyl, or amyl alcohol, where 
the essential balance in non-polar and polar associating properties is embodied 
in the alcohol molecules alone. The insect shrinks in these substrates owing to 
their limited solubility in the tissue fluids, whereas with the mixed system the 
rate of access of alcohol is greater than the rate of passage of water through 
the cuticle. 

These effects are independent of the lethal action of the non-polar component 
in the mixed system. Kerosene may be replaced by more toxic solvents, such 
as hexane, benzene, toluene, xylene, chlorobenzene, or ether. Ethyl alcohol 
may be replaced by methyl, or propyl alcohol. It is reasonable to conclude 
from these experiments that the unit of structure in the epicuticle is a stable 
lipo-protein, in which stability is independent of tanning by quinone which 
restricts flexibility, and reduces the degree of hydration. There is strong 
mutual cohesion between the lipid chains and stable linkages between the polar 
groups of the lipids and the protein side-chains. The lipo-protein is not directly 
analogous to a liquid oil-water system, but the high coefficients of as3rmmetry 
for the evaporation of water through isolated cuticles show that the lipo-protein 
must be both stable and extensible to a degree which will permit a wide range 
of permeability to water. It has been assumed so far ttiat the lipo-protein 
consists fundamentally of a monolayer of lipid orientated at right angles to the 
extended protein molecules which are parallel to the cuticle surface. Experi¬ 
ments will now be described to show how a three-dimensional lipo-protein 
framework can be built up from this simple pattern. 

Lateral Diffusion of Catechol through Cuticle 

Relationships between membrane structure and permeability are usually 
based on the flow or diffusion of substances across the membrane. Very little 
is known of the factors which influence diffusion along a membrane in a direction 
parallel to the membrane surface. It is known that the actual cuticulin layer 
of the epicuticle may contain fatty materials which are very strongly bound 
to the structural proteins, but it is uncertain whether the lipids are uniformly 
distributed throughout the bulk framework, or show a more specific organisa¬ 
tion. There is a wide divergence in the pattern of lipid distribution postulated 
by different workers. In Rhodnius, Wigglesworth ^ and Beament * have shown 
that the protective lipid layer is a thin homogeneous layer of wax, about o*25[l 
thick, which is covered by a resistant **cement** layer.® The lipids may 
impregnate the bulk epicuticle framework (Kuhnelt •, Pryor ; or the epicuticle 
may be a double-layer, in which only the outer layer is impregnated with lipid 
(Richards and Anderson, Detmell^^). In systems of this kind the bamer to 
water transpiration through the cuticle may be above, or within the epicuticle 
framework. 

It has been shown that the delipidating action of fat solvents results in the 
increase in the permeability of the cuticle to water and to catechol or ^-be^o- 
quinone. The tanned zones indicate the degree of penetration of catechol into 
the cuticle framework, and a local tanning effect would show that the prot^ 
side-chains are more accessible to the tanning substrate in a particular portion 
of the cuticle. When a mature Calliphora larva is treated externally wi^ an 
aqueous solution of catechol (2 % in phosphate buffer, pn 7*4), the cuticle is 
not tanned because the lipids of the epicuticle restrict Ihe uptake of catechol.^* 
If the catechol solution is injected inside the insect (dosage 0*02 cc.), it becomes 
paralysed, but the cuticle still does not become tanned. When a transverse 
incision is made through the cuticle, rapid tanning takes place at the cut surface 
when the insect is immersed in the catechol solution. 

® Kflhnelt, Zool. Jh, Anat„ 1928, 50, 219. 

Richards and Anderson. /. Morphok^ 7** i 35 * 

11 Dennell, Proc. Roy, Soc. B, 1946, 133, 348 
“ Hurst, BrU, Med, Bulk, 1945, 3, 132. 
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This expenment is significant in relation to the distribution of lipid in the 
cuticle framework. If the lipid is localised as a superficial layer on the surface 
of the epicuticle, access of catechol should be restricted in the direction 
epicuticle-^ndocuticle, but not in the reverse direction. Similarly, if the lipid 
is uniformly distributed throughout the epicuticle framework, access of catechol 
should be restricted at both surfaces of the cuticle, and at the cut surface. 
A selective penetration of catechol through the cut surface can only be achieved 
if the gradient of lipid distribution across the epicuticle framework is discon- 
tinous. This discontinuity must be such that the lipids constitute an effective 
barrier against the loss of water in the direction endocuticle-^epicuticle. If 
the lipids are distributed as a series of leaflets or lamellae, parallel to the cuticle 
surface, and orientated with the chains at right-angles to the cuticle surface, 
passage of water across the cuticle would be restneted, while polyphenol could 

diffuse readily through the cut surface into the 
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inter-lamellar hydrated protein and associated 
phenoloxidase. By this lateral diffusion through 
the membrane, the hydrocarbon chains of the 
lipid would no longer constitute a barrier to pene¬ 
tration (Fig. 4). A preponderance of lipids in 
the outer lamellae, or alternatively, a denser 
distribution of lameHae would result in the 
asymmetrical distribution of lipid which sharply, 
differentiates the epicuticle from the endocuticle. 
A stable association between the lipids and 
structural protein involves both the close packing 
of the lipid chains and the polar linkages between 
the lipids and protein side-cnains. From X-ray 
evidence, it is known that the protein molecules 
are extended parallel to the cuticle surface,^® 



T^g. 4 .—^Laminated lipo-pro 
tein structure of epicuticle. 


and the protection of the polar side-chains of 
the protein by the lipid could be achieved if 
the piotein occurred in the form of monolayers 
sandwiched between bimolecular leaflets of 
lipid. In this system the polar and non-polar 


side-chains of the protein would be directed 


on either side of the polypeptide chain towards the polar groups of the 
lipid. If the polar groups of the protein side-chains, and possibly, the associated 
polar groups of the lipid are highly hydrated, the epicuticle fabric could have a 
high storage capacity for water, and could be readily permeable to water along 
the framework, and impermeable across the framework. The participation of 


liquid water at the hydrated polar layers is, in fact, essential in relation to the 
stable orientation of the lipids, and also m relation to the spreading of the 


more mobile lipid components at the lipid-protein interfaces in the system. 

From the biophysical point of view, there need be no major dfficulty in 
postulating a structure of this type. The X-ray diffraction studies of Chargaff 
and co-workers have shown that cephalin forms insoluble ** complexes ” with 
basic proteins, such as histone or salmine. The protein molecules are extended 
between the polar interfaces of the cephalin layers, and there is a strong asso¬ 
ciation between the negative groups of the cephalin and the positive groups of 
the p^^tein, resulting in a reduction in the hydration of the cephalin. The 
long diffraction spacing of dry cephalm is incresised by 10-15 a in the complexes, 
according to the type of protein present, suggesting that a single monolayer of 
protein occurs between successive double layers of lipids This is consistent 
mth the results on the desiccation of insects by fat-solvent treatment. The 
increase in permeability to water can be reversiWe, owing to the flexibility of 
the lipo-protein. This is reflected in the asymmetrical behaviour of the cuticle 
with respect to the evaporation of water in opposite directions through the 
cuticle. Since chloroform treatment increases the rate of evaporation in the 


Ftaenkel and Rudall, Proc, Roy. Soc. B, 1940, 129, i, 
Picken, Pryor and Swann, Nature, 1947, * 59 . 434 - 
Chargaff and Ziff, J. Biol. Chem., 1939,131, 25. 
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direction epicuticle-»endocuticle more than in the reverse direction, selective 
directional permeability to water depends primarily on the presence of the 
bound lipid which is associated with the structural proteins of the epicuticle. 
The mobile lipids which are displaced from the epicuticle by the chloroform 
should behave in the following manner. 

(1) The association between the mobile lipids and the structural proteins 
involves a protective action on the basic groups of the protein side-chains. 

(2) The distribution of mobile lipids in the epicuticle framework is such that 
catechol can difLuse laterally through the epicuticle, but not across the epicuticle. 

(3) Since the mobile lipids are secreted by the epidermal cells beneath the 
endocuticle, this layer is permeable to the lipids, which can penetrate in the 
form of an emulsion. 

(4) After penetration into the lamellar framework of the epicuticle, the mobile 
lipids spread along the lipid-protein interfaces and become adlineated with the 
bound lipids to form a mixed phase, so that the permeability to water in the 
direction epicuticle-^endocuticle is decreased. 

Schmitt and Palmer have shown that when mammalian nerve myelin 
sheath is dried, the X-ray diftraction pattern reveals three long spacings at 
63*5, 44, and 34 A., representing the pattern of sphingomyelin (63'5), cephalin 
and lecithin (44), and cholesterol (34), as shown in the dry lipids extracted by 
a benzene-alcohol mixture. There is an equatorial spacing of about 159 a., 
which is attributed to the presence of protein between the bimolecular leaflets 
of lipids. In the wet nerve sheath the equatorial long spacing is 184 a., showing 
that water is present at the polar interfaces between the lipids and the protein, 
but there is only a single ring at 63*5 a. which is characteristic of sphingomyelin. 
A similar disappearance of the separate spacings for the lipids occurs when the 
dried isolated mixed lipids are wetted with water, showing that in the presence 
of water the lipids are more mobile and can form a mixed phase in which there 
is adlineation between the hydrocarbon chains. This mobility of the lipids 
depends on the presence of liquid water at the polar heads of the molecules, 
and suggests that the phospholipids, lecithin and cephalin are consistent, from 
the physico-chemical point of view, with the requirements (i)-(4), which have 
been postulated for the mobile lipids of the epicuticle. 

In particular, although the cephalins and lecithins are related structurally 
the cephalins are more acidic in reaction, owing to the presence of the cholamine 
group, which is a weaker base than the choline group in the lecithins. It might 
be expected, therefore, that cephalin should become more strongly associated 
than lecithin with the basic groups of the protein side-chains in the epicuticle. 
This is illustrated by the following experiments. 


Association of Phospholipids with Epicuticle.—^A batch [a) of Calliphora 
larvae, is untreated and used as a control. Other larvae are injected with 
(6) 0*02 cc. of a I % lecithin (Hammarsten) emulsion, and (c) 0*02 cc. of a i % 
cephalin (Blix) emulsion in water, (a), (b), and (c) are then placed in a 2 % 
catechol solution in chloroform. In 3-5 min. the cuticles in (a) have reddened. 
The insects are removed from the chloroform and left in air. The tanning in 
the cuticles of the controls (a) becomes rapidly intensified, and amongst the 
treated larvae, (i>) becomes tanned much more quickly than (c), so that the 
relative order of tanning is (a)>(&)>(c). These results show that in the 
systems. 


(a) water 

(b) water 
lecithin 

(c) water 
cephalin 


endocuticle 

endocuticle 

endocuticle 


epicuticle 

epicuticle 

epicuticle 


chloroform 

catechol 

chloroform 

catechol 

chloroform 

catechol 


there is a displacement of lipid from the epicuticle owing to the action of 
chloroform. This results in an increase in the accessibility of catechol to the 
exposed basic groups of the protein. In (b) and (e) lecithin and ceph^in pass 
through the cuticle framework to the site of displacement of labile lipid by the 


Schmitt and Palmer, Co/d Spring Harbor Symp. Quant, Biol,, 194^, 8 , 94. 
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fat solvent. Since the rate of tanning is decreased in the presence of lecithin 
or cephalin, both components replace the labile lipids which are displaced by 
chloroform and compete with catechol for the exposed protein. The com¬ 
petition is greater with cephalin than with lecithin, suggesting that there is a 
combination between the acid phosphoric acid groups of the cephalin and the 
basic groups of the protein. This t37pe of competition is antagonised by the 
intra-molecular compensation of positive and negative charges at the cholamine 
and phosphoric acid groups in the lecithin molecules. 

Action of Phospholipids on Evaporation of Water through Cuticle.— 

The rates of evaporation of water through isolated cuticles of Calhphora larvae 
are measured using the osmometer technique which hats been described. The 
osmometer in the control system (a) is filled with water. In (6) and [d] the 
water is replaced by i % lecithin, and i % cephalin, respectively. The rates 
of evaporation of water in the direction endocuticle-»epicuticle, and in the 
reverse direction, are shown in Table III. 


TABLE III 

Evaporation of Water through Cuticle in presence of Lecithin and Cephalin 




Cuticle system 


Rate of evap. 

Coefficient of 






(mg./cm.*/hr.) 

asymmetry 

(«) 

water [ 

endocuticle | 

epicuticle | 

1 air 

I ‘4 

20*6 

(«) 

water 

1 epicuticle | 

endocuticle | 

1 ^ 

28-8 


(i) 

(h) 

water 

lecithin 

1 endocuticle j 

epicuticle | 

1 air 

0*82 

14'0 

water 

lecithm 

epicuticle \ 

endocuticle 

1 air 

11*5 


W 

water 

cephalin 

j endocuticle | 

epicuticle | 

air 

0-65 

9*1 

(«) 

water 

cephalin 

epicuticle j 

endocuticle | 

air 

5*9 



Results based on total evaporation during the first hour: 20® c. rel. hum. 50 %. 


Lecithin and cephalin restrict the rate of water evaporation in both directions, 
but mainly in the direction epicuticle—►endocuticle, so that the coefficient of 
asymmetry is reduced. This is consistent with the view that when the 
epicuticular valve is open and hydrated by contact with liquid water, the 
phospholipids can penetrate into the valve and spread along the lipid-protein 
interfaces of the lamellar organisation. When the valve is closed by the 
dehydrating action of the air, penetration into the bulk epicuticle framework is 
not a limiting factor in water loss. 

Rom the experimental evidence which has so far been presented, it may be 
concluded that the passage of water through the cuticle is influenced by a 
three-dimensional laminated lipo-protein fabric, which is flexible, and hydrated 
at the polar interfaces (Fig. 4). If the limiting factor in water permeability is 
the d^ee of packing between the hydrocarbon chains of the lipids, permeability 
should decrease if iSie lamellar fabric is compressed, in the same way as the 
permeability of a monolayer of long-chain alcohol is reduced by an increase in 
surface pressure. The crux of the problem is to find some structural restraining 
network which compresses the epicuticle in the same way as the waxed barriers 
on a Langmuir troi^h compress a monola3rer. Histological evidence for the 
existence of a restraining network in the epicuticle is given below. 
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Mosaic Structure of Epicuticle.—The cuticles of the housefly larva, Musca 
domestica, and the blowfly larva, Sarcophaga falculata, are structurally similar 
to that of Calhphora larva. The Musca cuticle is thin, and suitable for direct 
optical exammation by transmitted light. Sarcophaga cuticle is much thicker, 
and is suitable for examination in histological sections 
An isolated epicuticle layer from a Musca cuticle, which has been tanned by 
the lateral diffusion of catechol through the cut surface, shows a typical mosaic 
pattern, in which discrete zones are relatively untanned. These zones con¬ 
stitute a mosaic patchwork which is suggestive of a network of fibrils extending 
across the epicuticle framework 1* (Fig. 5 a) After external treatment with 
chloroform the taimed patches become more extensive, showing that protective 
lipid is more easily displaced from the lamellar fabric than from the fibrillar 
network (Fig. 5 6). 


A/R. WATER, 



Fig 6 —Structural organisation of epicuticulax valve system. 

(а) Represents system; water | endocuticle 1 epicuticle | air. 

(б) Represents system. water | epicuticle j endocuticle | air. 

A transverse section through the cuticle of Sarcophaga larva reveals peculiar 
rods, localised in the epicuticle, and roughly orientated radially in relation to 
the cuticle surface (Fig. $c). In a tangential section, the epicuticular rods are 
seen to be part of a fibrous network (Fig. 5 d), which becomes abruptly attenuated 
at the endocuticle, but the processes axe continued into this layer (Fig. 5 e), and 
correspond in dimensions and structure with the pore canals ** which usually 
link the epicuticle with the inner epidermal layer of cells In Sarcophaga larva, 
however, this appears to be of significance during larval growth, for in the mature 
larva the contents of the canals become solidified 

The epicuticular rods m Sarcophaga may be analogous to similar structures 
in the epicuticle of the plastron m AphclochevmsP In this insect the processes 
appear to be prolonged externally into minute hydrophobic hairs, which retain 
a film of air when the insect is beneath water so that respiration can take place. 
A lamellar organisation is clearly seen in the endocuticle framework of Sarcophaga 
5 /) • It is likely that the lamellar layers in the epicuticle are more compact, 
although these cannot be distinguished in the particular sections. 

If the mosaic network of the epicuticle is regarded as a flexible restrai n i ng 
network, a simplified model of the valve system may be represented as in Fig. 6. 

Thorpe and Crisp, J, Bxpt, 1947 . *4* 227. 
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An expansion of the network opens the valve system, while a contraction 
closes the valve system. 

Mechanism of Asymmetrical Behaviour of Cuticle 

When the epicuticle surface is in direct contact with liquid water, a minimum 
restraint is imposed by the mosaic network on the lamellar lipo-protein framework 
of the epicuticle. Sebba and Briscoe have shown that a monolayer of a fatty acid 
or alcohol only become relatively impermeable to the evaporation of water at 
pressures which are considerably above those at which the film becomes incom¬ 
pressible. It is possible, therefore, that a slight increase in the extension of the 
network might le^ to a considerable increase in permeability if the packing of the 
lipid chains falls below a critical value. Under these conditions the presence of a 
relatively small proportion of adsorbed mobile phospholipid could act as a 
“ piston " oil which compresses the chains of the bound lipid. If the restraining 
network is fully extended, the permeability to water is decreased although the 
phospholipid component tends to increase the hydration at the polar interfaces 
of the lipo-protein. This accounts for the reduction in permeabihty in the 
direction epicuticle->-endocuticle which shows that the phospholipids have 
penetrated the epicuticle surface and have become adlineated at the lipid- 
protein interfaces. Sebba and Briscoe have noted that hydrophilic groups in 
the chain increase the permeability of a monolayer to water. For example, 
proteins, and the unsaturated acids, oleic and elaidic, show no resistance. 
Rideal,^® however, has shown that, when the film is in contact with excess of 
film-forming agent, oleic acid may reduce evaporation in a vacuum by 52*5 %, 
at a surface pressure of 29*1 dynes/cm. This system is more related to the 
condition in the living insect where there is a constant secretion of waxy 
materials by the epidermal cells. The presence of phospholipids may assist in 
the transport of wax across the cuticle to the outer layers where a superficial 
protective film is laid down,^^ but it is also possible that they exert a more 
dynamic role in relation to change in permeability within the epicuticle 
lamellar system, 

A very simple analogy may be drawn between the epicuticular valve system 
and a monolayer of long-chain alcohol (e g., octadecyl) enclosed between waxed 
barriers at an air-water interface. One barrier is fixed and connected by a hair 
to the movable barrier, which is supported by a torsion wire as in the Langmuir 
trough. If F represents the pressure exerted by the movable barrier, and F^ 
the tension exerted by the hair, the monolayer is subjected to a pressure of 
(F -I- FJ. is at a minimum when the hair is in direct contact with liquid 
water at the interface, since the degree of extension of the hair is related to the 
sorption of water. F^ increases as the hair is brought from the surface of the 
water into the air, owing to the contraction in length which accompanies 
desorption of water from the hair. The value of F^ now depends on the relative 
humidity of the air and increases with the distance of the hair from the water 
surface, provided that there is a gradient in humidity under the particular 
conditions. If the critical surface pressure at which water evaporation through 
the film is reduced lies between F -|- Fj (water) and F -j- Fj (air), the rate of 
evaporation will be influenced by the hydration of the hair. If the position of 
the hair is fixed in relation to the water surface, the permeability of the mono- 
layer will increase with humidity, but the rate of evaporation will depend on 
^e humidity gr^ent extending upwards from the water surface. Since an 
increase in humidity is associated with a reduction in humidity gradient, the 
rate of evaporation of water through the monolayer will tend to remain relatively 
rmiform under a wide range of variation in humidity. Similar factors will 
influence the conservation of water by the epicuticular valve system in the 
living insect. The essential conditions under which the valve operates reversibly 
are dependent on (a) a flexible restraining network which is extensible by water; 
(b) the presence of liquid water in the lamellar lipid-protein interfaces to ensure 
mobility of the lipid molecules; (c) a degree of restraint in the mosaic network 
when exposed to air which permits compression of the lipid molecules to a 

1 ® Sebba and Briscoe, J, Chem, Soc„ 1940, 106. 

Rideal, J. Physic, Chem., 1925, 39, 1585. 
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critical value at which water cannot pass between the lipid chains. In the 
living insect, these conditions are fulfilled in the system, 

water | endocuticle | epicuticle | air, 
since the epicuticle is spatially separated from the liquid water phase by the 
endocuticle. In the reversed system, 

water | epicuticle | endocuticle | air, 
factor (c) is no longer effective and the valve system is permeable to water. 
The epicuticle is thus analogous to a flexible porous membrane, in which the 
walls of the pores are constituted by a restraining network, and the pores by a 
laminated lipo-protein enclosed by the mosaic network. 

Evaporation of Fat Solvents through Cuticle.—^The rates of evaporation 
of fat solvents through isolated cuticle can be measured with micro-osmometers. 
The technique is similar to that used for water, but the tubes are filled with 
fat solvent. Benzene and hexane evaporate through the cuticle of Calliphora 
larvae very rapidly in the direction epicuticle-^ndocuticle, but much more 
slowly in the reverse direction. The coefficients of asymmetry are very high 
(benzene 15*6, hexane 20-3) and provide critical evidence that (a) the restraining 
network is a lipo-protein which may be extended either by water or fat solvent, 
and (6) the penetration of the fat solvent into the chains of the lipids is restricted 
by the degree of packing of the chains. 

The Role of Wax Layers in the Waterproofing of the Cuticle 

If the barrier to the passage of water through the cuticle is a homogeneous 
layer of wax, the permeability of the bulk cuticle framework should be inde¬ 
pendent of the position of the wax layer. For example, a layer of wax beneath 
the endocuticle should restrict the passive transpiration of water in the same 
way as a layer of wax deposited on the surface of the epicuticle, assuming that 
the cuticle framework acts merely as a support for the wax layer. These two 
systems, however, are analogous systems of the type 

water | cuticle | air, 

in which the epicuticle is in contact with {a) air and (b) with water. The non- 
waxy cuticle of Calliphora larvae and the typically waxy cuticle of Tenehrio 
larvae show similar degrees of asymmetry in relation to the passage of water 
and volatile fat solvents. Asymmetrical behaviour to water permeation has 
been confirmed by Beament, using cast skins of 5th-stage Rhodnius nymphs. 

A superficial wax layer, of the type postulated by Wigglesworth^ and Beament, 
would restrict the passive flow of water through the cuticle, but is inconsistent 
with the selective directional permeability of the cuticle. The experiments on 
artificial tanning of the cuticle in systems of the type chloroform-alcohol- 
catechol are of significance in relation to the orientation of the wax molecules 
in the superficial layer. When the labile lipids are displaced by chloroform, 
the alcohol can penetrate to the lipid-protein interface and compete with catechol 
for the basic groups of the protein. There is thus a marked analogy between 
amyl alcohol and the phospholipids, lecithin and cephalin. The higher alcohols 
which are typical waxes (e.g,, octadecyl) fail to penetrate into the lipid-protein 
interfaces of the epicuticle, even though the alcohols are dissolved in chloroform. 
It is unlikely, therefore, that the impermeability of wax films deposited on an 
artificial membrane framework, such as tanned gelatin, is due to the packing 
and orientation induced in the lowest layer of molecules in contact with the 
membrane surface. ^ * The essential condition for orientation is that a liquid 
water phase should exist at the membrane-wax interface. It is more probable 
that the superficial layer of wax at the ** epicuticular interface consists of 
molecular aggregates in which there is random orientation. Such a layer could 
exert a protective action on the underl3dng epicuticular valve mechanism, and 
modify the sensitivity of the valve according to the particular physiological 
requirements of the insect. 

Desiccating Action of “ Inert ” Dusts.—^Wigglesworth ^ has recently 
shown that when an insect is rubbed with fine alumina powder, the superficial 
protective wax layer is abraded, and the insect cuticle becomes more permeable 
to water. The chief evidence in support of the abrasive mechanism depends 
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on the local staining of the abraded areas by ammoniacal silver hydroxide 
solution, which is reduced by the exposed polyphenol layer in the cuticle. 

The present work has shown that the epicuticle framework permits a selective 
lateral diffusion of catechol along the membrane, so that the distribution of 
catechol across the membrane framework is discontinuous. Moreover, since the 
waterproofing mechanism is a laminated lipo-protein, the exposure of a super¬ 
ficial layer of polyphenol might suggest that a local abrasive action is coincident 
with, but not necessarily the cause of, an increase in the permeability to water. 
For example, when a freshly moulted Tenehrio larva is rubbed with alumina 
and immersed in an aqueous solution of catechol, the catechol penetrates into 
the cuticle at the treated surfaces. But the pattern of tanning which develops 
is a segmental pattern t3^ical of the natural hardening process (Fig. 5g). There 
is no pattern of local abrasion as revealed by the argentaffin technique. When 
the Tenebrio larva is rubbed or allowed to crawl on moist alumina dust, the 
cuticle remains relatively impermeable to catechol. Moreover, after 30 min. 
contact with dry alumina (20® c. ; r.h. 50 %) Tenebrio show a loss of 10-15 % 
in body weight. If the dust is removed from the cuticle by washing in water, 
and the insect exposed to dry air, it is rapidly desiccated within 2-3 hours, and 
undergoes a total reduction in weight of 30-40 %. In this condition the seg¬ 
ments of the cuticle are telescoped together. A Tenebrio larva does not lose 
weight in moist alumina, or in alumina exposed to air saturated with water 
vapour. This is not due to the low or negligible gradient in humidity at the 
epicuticle surface, for when the insect is washed and dried, it still does not become 
desiccated when exposed to dry air. 

It has been shown that the permeability of the epicuticular valve system 
increases in the presence of liquid water, and this is associated with an increase 
in mobility of the lipids at the lipid-protein interfaces. The presence of liquid 
water should therefore favour a mechanical abrasive action of alumina, unless 
the abrasive action is inhibited by a thin layer of water on the surfaces of the 
alumina particles. This is unlikely, for a celluloid membrane can be scratched 
either by dry, or moist alumina. The experiments with lecithin and cephalin 
have shown that the epicuticle framework is permeable to these components, 
and the artificial tanning of the cuticle with catechol indicates that the develop¬ 
ment of a segmental pattern in Tenebno involves a displacement of mobile 
protective lipid within the epicuticle framework. It follows that there is a 
functional continuity between the outer lipids associated with the protective 
waxy layer, and the lipids within the bulk lamellar framework of the epicuticle. 
The loss of desiccating activity in the presence of water is consistent with the 
view that water blocl^ the adsoiptive surfaces of the dust particles; but there 
is an adsorption displacement of lipid from the epicuticle to the dry dust surfaces. 
The adsorbed lipids are not mobile on the dry dust surfaces, but the degree of 
displacement is increased by ** abrasive " action owing to ihe presentation of 
fresh surfaces to the epicuticle. The increase in hydration of the outer 
epicuticle layers results in an outward displacement of protective lipids within 
the epicuticle, so that the packing of the chains in the lamellar fabric becomes 
insufficient to restrict the passage of water through the valve system. 

In Fig. 3 g the anterior s^;ments of the Tenebrio larva show a peculiar local 
pattern of tanning, which suggests that there are minute patches in the epicuticle 
which are relatively permeable to catechol. The catechol diffuses through these 
patches and spreads laterally through the epicuticle framework to form minute 
tanned rings round each patch. These observations have an important bearing 
on the natural secretion of polyphenol, for if a freshly moulted larva is treated 
with ammoniacal silver solution, a similar pattern develops, but each patch 
stains strongly in the central region, and the stained zone extends internally 
along a duct to the inner epidermal cells. This pattern only develops after a 
moult in Tenebrio larvse, or before pupation in blowfly larvae, and is clearly 
related to the secretion of polyphenol. A local secretion from a duct into a 
permeable region of the laminated epicuticle, followed by a lateral diffusion 
along the hydrated layers would provide an ideal physiological mechanism for 
ensuring optimum storage and accessibility of polyphenol to the phenoloxidase 
at a critic^ stage in the hardening process. 
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Role of Epicuticular Valve in Active Uptake of Water.—^The structure 
which has been proposed for the epicuticle explains how an insect can conserve 
essential water, and also how the permeability of the cuticle becomes adjusted 
to variation in the humidity of the environment. It is known that certain 
insects can take up water at high humidities approaching saturation, but the 
mechanism of active “ secretion ” of water into the blood against a concentration 
gradient is obscure.*® The present work has shown that the monolayers of 
lipid in the laminated epicuticle framework are compressed by a restraining 
network, and that the valve closes from the outside->inwards owing to the 
asjnnmetrical distribution of lipids. The proportion of liquid water in the 
outer layers of the valve depends on the relative humidity of the air, so that under 
any particular conditions, a mechamcal compression of the restraining network 
will force water from the outer layers to the inner layers of the epicuticular 
valve. This will therefore act as a pump under conditions in which there is 
a supply of energy derived from alternate compression and expansion of the 
network. The pump will be most effective at high humidities when the outer 
layers are maximally hydrated. 

In the living insect, the cuticle framework is continually being subjected to 
mechanical compression and extension by the body wall muscles, which are 
attached to the inner layers of the cuticle. The conditions are such that the 
epicuticular valve can restrict the passive transpiration of water from the 
cuticle, modify cuticle permeability according to the change in the environment, 
and at critical humidities, bring about the active uptake of water by the insect. 

Appendix (Added in Proof, jth June, 1948) 

Electron Diffraction By Cuticle Lipids.—^Electron diffraction techniques 
have been extensively used for studying the orientation of thin films of w-paraffiins 
and long-chain fatty acids, but the techniques have so far not been used for 
natural membrane systems. In order to show that orientated layers of lipids 
axe present within the cuticle framework, it is necessary to obtain diffraction 
patterns by transmission with the incident beam normal to the surface of the 
cuticle. If a characteristic pattern is obtained which disappears when the 
cuticle is treated with a fat solvent, this would suggest that the fatty components 
are present as a thin superficial layer in which the molecules are orientated in a 
common direction. If the pattern persists after prolonged contact with a fat 
solvent, this would show that orientated units of lipids exist within, the cuticle 
and are strongly associated with the structural proteins. 

The thin puparial cast skins of blow¬ 
flies, which are left behind in the 
pupaiium after the flies emerge, are 
about 2-3 jx thick, and when floated 
on water one surface is seen to be 
waxy and hydrophobic while the inner 
surface is hydrophilic. These mem¬ 
branes may be readily mounted on a 
small circular grid adapted for use 
with the R.C.A. electron microscope 
and diffraction unit. When examined 
with the microscope, no heterogeneous 
structure is visible at a magnification 
of 20,000 X. But the electrons are 
only slightly absorbed by the membrane, 
which is somewhat surprising, con¬ 
sidering its relative thickness. This 
observation, however, suggests that 
some evidence of molecular orientation 
might be obtained by diffraction of a beam at normal incidence to the cuticle 
surface. This view is confirmed by the characteristic ring patterns obtained 
by transmission. By suitable exposure it is possible to distinguish two sharply 
defined central rings (Fig. 7, a) surrounded by three wider rings, which are fainter. 
This ring system is shown in Fig. 8. From these patterns it may be concluded that 

*® Lees, /. BioL, 1947, 397 - 
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the cuticle contains a definite crystal structure in which the molecules are 
orientated in the same way in relation to the cuticle surface, but otherwise 
distributed at random in relation to a plane normal to the cuticle surface. The 
presence of polycrystalline associations is indicated by the spots on the lines. 

The pattern persists after the preparation has been treated for 2 hr. in 
chloroform, but the rings are somewhat sharper, and the spots have mainly 
disappeared, showing that the fat solvent has not changed the fundamental 
crystalline structure apart from reducing the size of the crystalline aggregates 
(Fig. 7 b). Any labile lipids removed by the chloroform must either not con¬ 
tribute to the diffraotion pattern, or they are associated with the bound lipids 
in the cuticle, if these fatty components are responsible for the pattern. The 
pattern disappears after treatment with strong caustic potash, which disrupts 
the lipo-protein fabric. 

A clue to the nature of the orientated molecules is given by the four spots 
which are clearly seen on the inner ring. (Fig. 8). When joined by lines these 
spots form a rectangle. The ratio of the lengths of the sides a: b is approxi¬ 
mately 1*5 : I. This ratio corresponds closely to the unit cell cross-section 
common to long-chain fatty acids, parafihns and alcohols. Conclusive proof 
that this type of fatty material is present in orientated form in the framework 
of the cuticle is provided when the difiraction patterns of the cuticle are com¬ 
pared with the patterns obtained with thin films of collodion containing orientated 
crystalline fatty acids. 


The collodion fatty-acid membranes 
are prepared by dissolving 5-10 % 
fatty acid in a dilute solution of 
collodion in amyl acetate. When a 
drop of solution is allowed to fall on 
a clean water surface, the collodion 
spreads rapidly to form a thin coherent 
film, which is only a few hundred a. 
thick.* This process takes place in 
less than a second, before the solvent 
has evaporated, so that the fatty acid 
is in solution in the collodion-solvent 
system during the spreading of the 
film. The polar groups of the fatty 
acid molecules become directed down¬ 
wards towards the water surface, and 
when the solvent has evaporated the 
minute crystals formed are embedded 
in the collodion membrane with the 
axes of the hydrocarbon chains normal 
to the membrane surface. When these 
membranes are examined in the same way as with the insect cuticle, typical 
sharp ring patterns are obtained, which vary according to the fatty acid present 
(Fig. 9). Some interesting conclusions may be drawn from a preliminary 
comparison of the ring patterns with those of the insect cuticle. 

(1) A central ring of the same diameter is present in the patterns of insect 
cuticle, fatty acids (Cie), (C19), (Ca^). By standardisation with a crystalline gold 
film deposited on collodion, the spacing responsible for this ring is seen to be 
equivalent to ca 4-15 a. An outer ring representing a spacing of ca 2*44 a. is 
also present. The ring system of €34 corresponds almost exactly to that of the 
insect cuticle in relation to the intensities and distributions of the rings. The 
sharp ring patterns of discrete ^ots reveal the presence of orientated poly¬ 
crystalline layers in which the unit cells are grouped in random (001) orientation 
with respect to the plane of the membrane surface. 

(2) A membrane conta i ning the unsaturated elaidic acid (Cjs) shows a well 
defined series of rings in which there is a pseudo-hexagonal arrangement typical 
of n-paraffins, fatty acids, and fatty acid esters. The lines are continuous, 



Fig. II. —Relationship between lipid unit 
cell and protein chains (‘ p-keratin ’ 
configuration) (base of unit cell 
heavily dotted). 


* Collodion alone gives a diffuse ring pattern which can readily be distinguished from 
the sharp ring pattern of the fatty acids. 
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suggesting a more random orientation of separate molecules, which are similarly 
orientated but more mobile than those in the w-fatty acid members (Fig. lo). 
The bright diffuse spots on the 4*15 a. ring form a rectangle, in which the ratio 
of the lengths of the sides is similar to that formed by the spots on the diffraction 
pattern of insect cuticle. This suggests that the unit cell of the fatty components 
in the cuticle is analogous to the orthorhombic unit cells of w-paraffins and 
fatty acids.* Striking confirmation of this view is obtained from a comparison 
of title observed spacings with the calculated diffractions from an orthorhombic 
7^-paraffin unit cell (where a = 7*45 a., b = 4*97 a., and c is twice the length of 
the molecule and normal to the membrane surface) (Table I). The difiractions 
represent successive orders of diffractions by alternate carbon-carbon spacings of 
2-54 A. in the zigzag hydrocarbon chams, which are normal to the surface and in 
all azimuths in relation to the incident beam. 

The radii of the diffraction rings, which have I.aue indices of the form hkO, 
are given by the relationship __ 



where r is the radius of the ring, X the wave-length of the electron beam, 
L the distance between the specimen and the photographic plate, and h and k 
are Laue indices relative to the a- and 6- axes respectively. In the calculated 
spacings a = 7*45 a. and h = 4-97 a. 

TABLE I 


Relationships between Calculated Spacings for an Orthorhombic ^-Paraffin 
Lattice, and Observed Spacings for Fatty Acids, and Lipids of Insect Cuticle 
(P upARiAL Membrane of Calliphora ) 


1 

1 

Layer line 
order 

1 

Laue 

indices 

Spacing (a.) 

(Calculated) 

(Observed) 

w-paraflin 

elaidic acid 

Cgf acid 

Cuticle 

I .. 

OTO 

7-45 

7-35 

— 

— 

i .. 

00 r 

4*97 

4*95 

— 

— 

I, 2 

on 

4*13 

4*15 

4'12 

r ^5 

1,2 

020 

3*73 

365 

3-68 

3.69 

I .. 

021 

2*98 

2'94 

2 '94 

— 

2 .. 

002 

2-48 

2-44 

2*43 

2-43 

I .. 

012 

2-36 

2-31 

2'33 

— 

I, 2 

031 

2-22 

2-i8 

2-20 

2-i8 

I .. 

022 

2 *06 

2*03 

2*03 

2-05 

I .. 

032 

1-76 

1-73 

— 

— 

I .. 

023 

1*51 

1-49 




{50 kv.; 200-400 {xa. beam current; lattice spacing of gold standard, a = 4*07 a.) 


The identity of the crystal structures is shown by the coincidence in the spacings 
between the (on), (020), {002), (031), and {022) planes, which is consistent with 
the (001) orientation of the unit cells. Adopting the observed spacings for 
elaidic acid as a standard, the dimensions of the unit lipid cell in the cuticle 
are a = 7*35 a., h = 4*95 A. The ratio of these dimensions is 1-49 : i, which 
coincides almost exactly with the ratio of 1-5 ; i for ^e length and widthfot 
the rectangle formed by the spots on the diffraction ring of tide (on) plane in 

Genner and Storks, /. Chem. Physics^ 1938, 6, 280. 

»* Cowley, Trans, Faraday Soc., 1948, 44, 60. 
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the elaidic acid and cuticle patterns. This confirms the view that the lipids 
in the cuticle are in tide form of crystal patterns orientated at right-angles to 
the cuticle surface and probably associated in layers between the structural 
protein fibrils. The dimensions of the cells correspond to the distance between 
three polypeptide groups on a protein chain in the p-keratin configuration, (7 a.) 
and the spacing apart of two chains (4*5—5 a.). The lipids may be arranged in 
bimolecuto units, or in multilayer formation, with the unit cells aligned with 
the extended proteins, and probably associated with the polar groups of the side 
chains to form lipo-protein complexes (Fig. ii). Association between the lipids 
and structural proteins may also occur between the hydrocarbon chains and the 
non-polar side chains of the protein. 

I am indebted to R. G. Allen, of the Cavendish laboratory and Mr. Mentor, 
of the Physical Chemistry Dept., Cambridge, for helpful advice and discussion 
on this section of the work; and to Mr. G. R. Crowe for technical assistance.) 

Department of CoUoid Science, 

Cambridge, 


THE WATER-PROTECTING PROPERTIES OF INSECT HAIRS 
By D. J. Crisp and W. H. Thorpe 
Received gth February, 1948 

The terms waterproofing and " water-protecting'' have been applied 
to difierent processes, and it will be useful to distinguish them clearly. 
Sub-aerial plants and animals are commonly protected against liquid water 
which might otherwise block the pores, spiracles or stomata through which 
gas exchange takes place. Aquatic birds are similarly protected for purposes 
of buoyancy and heat retention. This protection usually takes &e form 
of hydrofuge hairs, scales or other structures which ofier a purely ph3^sical 
barrier to liquid water and axe permeable to its vapour. The second type 
of waterproofing structure refers to a barrier impermeable to molecular 
water whether in liquid or vapour form, and is commonly found when 
organisms live under conditions of low humidity or drought so that water 
conservation by means of a covering of wax or lipo-protein is of value. 

The subject matter of this paper deals with some highly specialised devices 
of the first type which enable certain wholely aquatic insects to retain a 
thin film of air on the surface of their bodies. This film functions as a 
gOl, allowing oxygen to be absorbed from the surrounding water and passed 
directly through tiie air tubes (tracheae) into the tissues of the insect. 

Pressure DijSerences Sustained by the Air Space 

The gas content of a bubble or fiObn of air carried by an aquatic insect 
will change continuously, due to : 

{a) removal of oxygen at the end of the tracheae by respiring tissues; 

(J) diSusion of carbon dioxide from the tissues; 

(c) digusion of osygen and nitrogen between the air space and the 
surrounding water. 

To a good approximation the time factor for diffusion within the gas 
space may be neglected, the whole space being assumed to be of uniform 
constitution. Similarly, the partial pressure of carbon dioxide may be 
neglected as it is so rapidly dissolved away by the surrounding water. 
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It is useful here to introduce the concept of an invasion coefficient^ i, 
defined as the quantity of gas crossing unit area of gas-liquid interface under 
unit difference of gas tension between the two phases. The barrier to 
diffusion is not the interfacial layer, but the diffusion diells of liquid bounding 
the surface ^; hence the value of i depends not only on the permeability of 
the liquid to the gas, but also on the state of convection currents near the 
surface. It is not, therefore, a well-defined physical entity but has, never¬ 
theless, a definite value for fixed conditions of convection, while the ratio 
of invasion coefficients of different gases at a given interface will be pro¬ 
portional to their permeabilities in the liquid. Hence that of oxygen in 
water (^*o), will be about twice that of nitrogen (^n). 

We may therefore describe the changes in gas content of such an air 
space by 

^ = Aio{fo—po)-q. . . . (i) 

^'=^tN(^N—^ n) .... (2) 

where 0 and N are the amounts of oxygen and nitrogen in the air space 
(in cc. at atm. pressure), q is the rate of oxygen uptake, A the area of gas- 
water surface, and po, ; the pressures and tensions (in atm.) 

of oxygen and nitrogen respectively in the air space and in the surrounding 
water. 

Two possible conditions may now be applied to the air space. 

(a) A steady pressure P is maintained on the air space. 


then 

and 


pO’\' pH ^ P 
dF_dO dJV 
di d/ ‘ d/ 


( 3 ) 

( 4 ) 


where V is the volume of gas present. 

The solution of these equations is complex, and need not be considered 
here. We may note, however, that if we write P = (i -f- Apg), where 
Apg refers to the pressure increment with depth A, and assume 
= or < I (i.e., the water is not supersaturated), 
dF 

-77"= or < Aio {to — poj — q — Ai^ (to — ^o + ^Pg) 

at . ^ .....- ■■ . 

Net increase in Oxygen Loss of Nitrogen 
or ^ = or < A(io — »n)(^ —po)—i — Ai^ih^ . (5) 

dF 

Since (t© — In), q, and Ai^h^ are positive will be negative when 


^o > to. When po < to, the sign of might at first be positive, but 
as the net rate of increase in osygen content 0 must always exceed the rate 
of increase in volume V,fo{^ must increase, approaching the value to, 

and thus eventually maJdng ■— negative. When h is small, eqn. (i), (5) show 

ci> 

that if q > Aidto> oxygen is continuously lost, hence po must fall to zero; 
but if j < AidtQ, then F falls to zero. In either case this leads to feilure of 
respiration unless the insect can renew its store of air,* and this type of air 
space may aptly be called an " air-store.” 


^ Krogh, Skand. Afch. PhysioU, 1910, ao, 259. 

* Krogh, J. Physiol, 19x9, 5 a» 39 i* 

* Ege, Z, allg. Physiol, 1918, 17, 81. 
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(J) The air space is maintained at constant volume, 


giving 


Then ^ = o and ^ and ^ are independent, 
^ ^ ^ - i>o) - q- 


Solving this and applying boundary conditions, 




and similarly ^ == <n + (^i — ^n) e *' • • • (7) 

where po^ and ^ni are the initial partial pressures of oxygen and nitrogen. 
Calculation of the time constants shows that equilibration is very rapid, 
being usually of the order of a few seconds.^ In the steady state (t = oo) 

^0 = ^ 0 -. ... ( 8 ) 

== .(9) 

Thus a pressure difference Ap is set up across the walls of the air space, 
^P = jP — (Po + ^n) = I + ^pg — (fe + ^n) 4 " • (lo) 


whUe provided Aioh > a. steady flow of oxygen may be maintained 
sufficient for respiration without the animal requiring to visit the surface. 
This type of respiration is characterised by an air space possessing : 

(i) large surface area/oxygen requirement (Ato^o > ?); 

(ii) small volume, since it does not act as a store of oxygen ; 

(iii) a mechanism of hydrofuge hairs or scales to prevent ingress of water 
and maintain the pressure difference Ap caused by the respiration 
rate and the degree of imsaturation of the water (eqn. (lo)). 

We have termed this kind of respiratory organ the plastronand the 
process plastron respiration,'' as it is fimdamentally distinct from the air- 
store described under (a) above. 

We shall next consider the diffusion within the plastron and the restrictions 
it imposes upon its structure. 


Theory of Diffusion in the Plastron 

Fig. I shows diagrammatically the essential features in the operation of the 
plastron; the vertical arrows represent invasion of oxygen across the planes 
XOY, X'O'Y' from a steady tension to in the outside medium into the 
plastron space at a partial pressure of oxygen po. The value to — po is 


called Apo*, and it is clear that both po and 1 Aj^o I must fall along XO and 

X'O' in order to allow diffusion of oxygen (as indicated by horizontal arrows) 
towards the spiracles, represented here as a groove YY'OO'ZZ'. It is reason¬ 
able to a s sume in the insects we have studied that, to a first approximation, 
diffusion occurs entirely in the direction XO and X'O'; this reduces the 
problem to two dimensions and the relation is found to be ® 


d" (A^o) 
. dx^ 


— Apo = o 


(II) 


* Thorpe and Crisp, /. Expf. Biol., 1947, 24, 310. 

»Thorpe and Crisp, /. JSxpi, Biol,, 1947, 24, 270. 

♦ This was called simply ^ in a previous publication (ref. Appendix I) and the 
solution was given a different form. 
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•where thickness of the plastron (Fig. i) and D the 

effective diffusion constant of oxygen within the plastron space. 



Fig I —Diagrammatic representation ot diffusion into and through the plastron 
Vertical arrows—Invasion of oxygen across the air-water boundary. 

Horizontal arrows—Gaseous diffusion of oxygen within the plastron space 

If y is the total oxygen uptake, the diffusion across one side of the groove 
is hence at the planes YOZ and Y'O'Z' where x = o. 

Since d^o = —d(AJ>0) we have as a first boundary condition to eqn. (ii) 
/ d(Aj>o) \ g 

\ dx 2yAD 

and as a second, since % is the limit of the plastron, 

/ d(A^o) \ 

\ dx ) 

The solution is * 

m [Me"* + Ne -«»] 

_£ 


= 0 


(12) 


where (A;^o)»»' 


N = 


«e*"*> 


M = 


nx. 


(e*»*x — i) 


(e*"*‘ — I) 

The significance of (A^o)i» is that it is the mean pressure drop across the 
plastron since 2*iy is the plastron area. The pressure drop at the outer 
edges (X,X') is less than (A^o)'» • 

{Apc^^x*^^ = (A^o)« [w^i/sinh (wj] < . (13) 

While at the spiracular openings or grooves (YOZ, Y'O'Z') it is greater: 

{APq)^o = (A^o)« Inxjtoxih {nx^} . . (14) 

Now it is this drop in partial pressure between the outside medium and the 
spiracle that is important to the organism, and must be kept as low as 
possible for maximum respiratory efficiency. It will be seen from eqn. (12) 
that while the mean drop in partial pressure depends on the respiration 
rate, the plastron area, and the shape of the distribution of partial 

I 

pressures within the plastron depends solely on the function nx^ = 

It follows that in order to reduce {Apo)x^o for a given value of {ApQ)in, 
must be small; for if = o the ApQ — x curve is flat and {Apo)ig^o 
is minimal, invasion operating equally over the whole plastron area (see 
Fig. 2); but if nx^ exce^eds, say, unity then (Apo) decreases considerably 
towards the spiracles and only part of the plastron is efficiently used. 


• See footnote p. 212. 
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However can only be reduced by increasing D and h, as any decrease in 
*o woidd have a direct influence in lowering the mean pressure of the 
plastron below its surroundings. Fig. 2 gives a series of curves showing the 
influence of nx^, and it will be seen that curve i, based on observations on the 
natural plastron of the insect Aphdocheirus, represents a fairly ef&cient 
system. It may be mentioned here that no evidence of secretory activity 



Fig. 2.—Values of oxygen tension 
difference {APp) between plastron 
space and medium calculated from 
eqn. (12) using the following con¬ 
stants : 


D == o-i cm.*/sec. (less than the 
value 0*18 for oxygen in air 
owing to the space occupied by 
hairs). 

»o = 4 X io“* (less than Ege*s 
value of 4*8 x 10-* owing to 
reduction of gas>liquid su 3 ace 
by hairs). 

Xi 0*25 cm., y s= 1*2 cm. (two 
lines of spiracles each 0*6 cm. 
long). 

^ x= 6 X lo-® cc. oxygen at n.t.p. 
per hour. 

h — ^ X io“* cm. (Curve 1); 
I X IO-* cm. (Curve 2); 0-2 x 
10“* cm. (Curve 3). 

The uptake by the plastron at any 
X value is proportional to ApQ, 


exists either in the plastron or in related structures as suggested by Szabo- 
Patay,® diffusion being adequate for the necessary oxygen transfer.® ^ 

We ^all now consider the different ways in which the plastron might be 
constructed in order to withstand excess pressure at the gas-water interface. 

Theory of Water Proofing by Surface Forces 

Let 0 be the angle of contact between a hair surface and water, and y 
the surface tension of water. The relations below then follow from the 
general equation 

Ap . a ,dx + y cos 0 . ft. dS = o • . . (15) 

where dS is the element of area wetted on each of n hairs when an area a of 
free water surface moves through a distance dx under the pressure Ap- 
Ap is the excess pressure on the water side of the interfa.ee so that water 
protection is indicated by a positive value for Ap.* 

• Szabo-Patay, J. Ann. Mus. Nat, Hungary, 1924, ax, 33. 

♦ This convention was not strictly adhered to in an earlier paper where the negative 
signs in eqn. (16), {17) and {18) were omitted. 
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(a) If the plastron is maintained by vertical hairs of circular cross-section, 
of radius r, then 




{16) 


where I is the characteristic distance between the hairs defined by Z=(number 
of hairs per sq. cm.)"*. If the hairs are disposed as a pattern of squares, I 
will be the actual distance separating them. 

(d) If the hairs are inclined at an angle a to the horizontal, 

= — ----y cos 0 . . (17) 

^ cosec a ^ ^ 

though it IS clear that the angle a is limited since eventually the hairs would 
touch one another. 

(c) The hairs may be arrang¬ 
ed as a horizontal array, a 
cross-section of two such hairs 
of circular cross-section is 
diown in Fig. 3. The excess 
pressure is best calculated from 
the radius of curvature (jR) of 
the cylindrical bubble surface 
arc CD. 

M is the mid point of AB 
which joins the centres of 
two hanrs, hence AM = Z/2. 

AC, BD are the radii of cross- 
section of the hairs (= r) and 
CN, CF, are respectively the 
tangents to the hair and to 
the water surface at the point of 
contact; the lines EMON and 
CL axe drawn perpendicular 
to AB. Now, by reason of symmetry, since CAB = ABD = jS; 

OC = OD R; OC being at right angles to the tangent CF; and CE = 

ED = LM = //2 — r cos jS. Further, LCN = P and G^F = 180® — 0 — jS. 

By placing FCO over GCE, it is clear that GCF = OCE = 180® — 0 —j8. 
But CE == R cos OtE = jR cos (180*^ - 0 - 

= — R cos (0 -f jS) == ~ — r cos jS 
2 

. Hence= . (l8) 

cos (0 + jS) — r cosp 

By difrerentiation, the critical value of for = 0 is found to be 

sm(fl + ^)^^ .... (19) 

sin 0 I 

There are in general two values of P satisfying (19); one gives Ap 
its Tnaytmnm positive Value, the other its maximum negative value. Here 
we are concerned with the former for which P lies between o Md + 180® 
though in practice p may not exceed 90® without the menisci becoming 


■ 



i 

mm 
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Fig 3—Sectional view of two hairs lying 
horizontally at the interface, showing the 
meniscus (arc CD) makmg contact angle 0 
with each of the hairs The aqueous 
phase hes above the meniscus. 
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confluent. This range of ^ (o to -t- 90°) corresponds to a range of 6 between 
-f 180° and 0°, hence Ap can be positive for all values of B. 

The following conclusions may be drawn from the above relations. 

1. For simple hairs, vertical or inclined, water protection is only possible 
when B > 90°. 

2 . Inclination of the hairs, by reducing the free space between them, 
results in more efficient protection provided 6 >■ 90° • 

3. A system of purely horizontal hairs may in theory give water 
protection as long as 6 > o. 

4. In every case, the smaller the dimensions of the free spaces between 
the hairs, the more efficient the water protection. 

5. In all cases Ap is inversely proportional to a characteristic linear 

dimension of the hair pile; e.g., in eqn. (16), Ap a ^ . 

6. If irregularities exist in the dimensions I and r of the hair pile, only the 
minimum pressure calculated from the maximum values of I and r can be 
attained without invasion of the plastron by water. 

Biological Efficiency of the Plastron 
From No. 4 above, the hairs should, ideally, be as small and as closely packed 
as possible lor the most efficient water protection. But for respiration needs 
the very opposite condition with the greatest possible free gas-hquid interf^e 
is required. Hence a compromise must be made between efficient convection 
of water and diftusion of oxygen across the boundary on the one hand, and a 
reasonable margin of protection from wetting on the other. 

No. 5 and 6 show that if the fraction of free water surface is kept constant 
the water-protecting properties may yet be enhanced by reducing the scale of 
the system and by keeping it quite regular. It follows therefore that an insect 
adapted to plastron respiration would be expected to have a pile of exceedingly 
fine, regularly spaced hairs. There is, however, a lower limit to the dimensions 
of this hair pile quite apart from molecular dimensions. For an efficient distribu¬ 
tion of partial pressure over the plastron, it was noted that P and h must be 
sufficiently large ; hence h (the height of the gas-water interface from the surfax:e 
of the insect) cannot be reduced indefinitely without an adverse effect on respira¬ 
tion (Fig. 2). Now the resistance to pressure of the bending moment of n hairs 
per unit area is proportional to ~ so that, provided all the 

dimensions of the system were proportionately increased or reduced, the strength 
is not altered. If h is kept constant and r and / reduced, a point will be reached 
when the hairs begin to bend and the plastron to collapse. 

This has in fact been observed in Aphelocheirus,’^ If placed in clean water to 
which the hairs present a high contact angle and subjected to 2-3 atm. external 
pressure, the silvery-grey sheen characteristic of the hair pile and its film of gas 
suddenly flashes darker, but is restored again when the pressure is reduced. 
This is quite different from the effect of a wettirg agent, when the sheen gives 
place to a dull black, and moreover the change is then not reversible in clean 
water and the respiration of the insect is considerably impaired. From 
dimensions of the hairs and their spacing it was deduced that if the Young’s 
modulus of the hair were in the order of 0*5 X lo^^, bending should occur at an 
excess pressure of 2-3 atm. 

These considerations affect the limits of magnitude of the hair pile. From 
No. I and 2 above, simple vertical or inclined hairs are the least efficient type of 
structure, the plastron being waterlogged if 6 falls below 90®, a somewhat 
hazardous position. No. 3 shows that horizontally arranged hairs are the best 
possible form, though in practice their efficiency is less than might be expected 
from eqn. (18) and (19). This is due to the necessity of keeping the horizontal 
portions supported in some way, as for instance by having vertical stems bent 
over at the tip. The bent region adjoiniiig a vertical stem is a point of weakness 

’ Thorpe and Crisp, /. ExpL BioL, T947, 34, 227. 
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down which the meniscus tends to travel if 0 is less than 90®. The general effect 
is to cause the menisci to become confluent and to flood out the plastron when 
p is considerably less than 90®; for instance, if p cannot exceed 30® without 
instability resulting, the critical contact angle is about 60®, not zero, for spon¬ 
taneous wetting. This is about the angle found in nature (see Fig. 5). Never¬ 
theless, it offers a much greater margin of safety. When p is small, as for high 
values of 0, the effect of the vertical portions of the hairs is negligible. 

Another important feature of the plastron is that any breakdown in water 
protection should be localised. This is generally the case unless the contact 
angle is greatly reduced by a wetting agent; the upright or inclined portions 
of the hairs present to the laterally invading water a system essentially similar 
to that treated above. 



Fig. 4.—Sectional views of hair piles of several aquatic msects drawn to the same scale. 

A. Aphelocheirus cBStivalis (from abdominal sternum). 

B. Aphelocheifus cesHvalis (pressure sense organ), 
c. H€Bmoma mutica (from thoracic sternum). 

D. JDonacia simplex (from abdominal sternum). 

B. Elmis maugei (from thoracic sternum, showing base of one of the macro- 
plastron hairs). 

F. Stenelmis crenata (from metathoracic sternum). 

G. Phytohius velaitts (from abdominal sternum). 


The Plastron in Nature 

Aphelocheirus esstivalis, a bottom-living bug found in streams and to depths 
of 7 m. in rivers of Eastern Europe, exhibits the plastron in its most perfectly 
developed form. The plastron hairs are minute, the dimensions be^ 
I X Io-^ / = 5 X io-®cm.; they are neatly and regularly arranged with 
their tips bent sharply at 90® to present a horizontal “ pile ** at the mterf^ 
(Fig. 4 A). The plastron space communicates through radiating channels with 
open spiracles (** rosettes '*) arranged in a row down each side of the abdomen. 
A screen of cuticular filaments beset with fine hairs protects the entrance of each 
spiracle from ingi^ of water. 

It is obviously impossible to measure the contact angle of these fine hairs against 
water ; we therefore resorted to an indirect approach to study their properties. 
A series of solutions of butyl alcohol were made up and the contact angle formed 
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by each against a freshly prepared paraffin surface was measured, also the 
surface tension of each solution. Using the values of 0 and y so obtained the 
curves in Fig. 5 were constructed by means of eqn. (i 6 )-(i 9 )- The experimental 
points, indicated with crosses, were found by exposing pieces of cuticle bearing 
the plastron to graded strengths of butyl alcohol in a pressure chamber and 
determining at what pressure wetting occurred. It is seen that when the contact 
angle is greater than 90® the — 0 curve agrees with that based on eqn. (18), 
(19) (curve 4), that is with the assumption that the efEective regions of hairs are 
horizontal, circular in cross-section, and have surface properties like those of 
paraffin wax. 

Aphelocheirus carries on either side of the second abdominal segment a small 
patch of long and much larger hairs which lie almost horizontally overlapping 
one another (Fig. 4 b). This region is part of an organ of pressure sense,* and not 
being a respiratory area the free space between the hairs is reduced to a much 



Fig. 5.—Curves to show excess pressure (in atm.) sustained by hair pile of dimensions 
found in Aphelocheirus as a function of the contact angle: i, vertical hairs 
(eqn. (16)); 2, hairs inclined at an angle of 45® to horizon (eqn, (17)); 3* hairs 
inclined at an angle of 30® to horizon (eqn. (17)); 4, horizontal l^rs ; limiting 
value of angle p = 90® (eqn. (18) and (19)); 5, horizontal hairs: limiting value 
of angle p = 50® (eqn. (18) and (19)); 6, horizontal hairs; limiting value of 
angle P « 30® (eqn. (18) and (19)). Experimental data 


greater degree than elsewhere. They are on this account, in spite of their larger 
size, more difficult to wet than any other part of the surface. The importance 
of regularity of the hair pile is well illustrated by two nearly related beetles, 
Donacia simplex and Hamonia mutica (Fig. 4 d and c). The former, which lives 
in the neighbourhood of streams, is protected by long irregular hairs (0*3 X lo* 
per sq. cm.) from the danger of wetting when accidentally falling into the water. 
Bamania muHca, however, is a true plastron insect with beautifully regular 
hairs (2'5“io x 10® per sq. cm.) having bent tips and covering the ventral 
surface of the body and the antennae. The latter are apparently used to " tap 
the oxygen from near the stirface of water or from bubbles. 

The Elmid beetles possess plastron hairs of similar dimensions to those of 
Bamonia, but they are less regular and more easily wetted (even gas-free water 
may be sufficient (Fig. 4 e). However, the plastron here is only a second line of 
defence; for although it is partially lost hy simple diffusion as shown above 
(since the hairs bend easily under pressure and tend to clump together leaving 
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bare patches), under natural conditions it is actively maintained by the 
capture of bubbles, for which purpose the limbs are provided with small plastron 
areas. These same areas are constantly brushed against the main plastron of 
the body, presumably because it is important to keep the hairs regular by 
grooming. Stenelmis crenata (Fig. 4 f) has a plastron which is very similar to 
that of A^helocheirus. 

In Phyiohius velatus, a small aquatic weevil, the plastron consists of large, 
slightly overlapping scales each covered with a fine hair pile. It affords extremely 
efficient protection against water, comparable with that of Aphelochetrus 
(Fig 4G). 

The Properties and Development of Plastron Hairs 

There does not appear to be any evidence that the hairs are rendered hydro- 
phobic by a waxy or oily secretion, as their surface properties are unimpaired 
and sometimes are actually enhanced after wetting with organic solvents. The 
hydrophobic properties seem to be due to the nature of the surface of the 
epicuticle of which the hairs are composed ; the cuticles of certain plants have 
similar properties ® 

When newly emerged from the last larval instar, the whole animal is always 
very hydrophobic, but after continual immersion for some months in water, the 
contact angle of the outer surface becomes as small as 10° or 20®. This effect is 
confined to the outer side only, there being little evidence that the plastron itself 
becomes less efficient with age except in the Elmida, which are rather easily wetted 
and in other ways exceptional. If the plastron is wetted under pressure or by 
a wetting agent, the change is irreversible even in water supersaturated with 
gas, owmg to the well-known hysteresis of contact angle • 1® In both these 
phenomena, the contact angle is reduced by contact with liquid water but not 
by contact with the saturated vapour. 

A somewhat puzzling feature is the formation of the plastron under water, 
in what must be a saturated humidity. The adult cuticle, including the plastron 
and its ga^ content, is formed beneath the larval cuticle. In an early stage of 
development its outer surface is smooth, but shows close-packed striae 
perpendicular to the direction of the surface ; later, by resorption of intermediate 
material, these striae come to project from the surface into the moulting fluid; 
they are the definitive plastron hairs. As late as two or three days prior to 
splitting off the larval skin, the moulting fluid gives place to a gas layer within 
ttie plastron This gas is not derived duectly from the air spaces of the insect 
as there is as yet no connection between them and the plastron; moreover, 
active pumping in of gas would not expel the moulting fluid from the minute 
interstices of ttie plastron hairs. This must therefore be accomplished by the 
formation of gas in situ. 

If it is assumed that gas is actively secreted from supersaturated solution, the 
pressure must be enough to overcome the surface forces between the moulting 
fluid and the plastron, and may be estimated from eqn. (18) and (19), employing 
the Tm’niTnnTTTt value for with the relevant values for p between o and — 90®. 
Thus taking reasonable values 6 = 0, y ~ 30, Ap is of the order of 4-5 atm. 
The production of so high a pressure is difficult to envis^e and, moreover, the 
plastaon after expulsion of fluid would still be wettable if not rendered hydro- 
phobic On the other hand, if by a mechanism of secretion or adsotpfian, such 
as would not be hard to envisage, the plastron were rendered hydrophobic, with 
an equilibrium receding contact angle approaching 90®, the pressure required to 
force out the moulting fluid would be very much less. The newly exposed 
surface would be hydrophobic with an advancing contact angle probably > 90®, 
as is indeed found as soon as the plastron is uncovered. If a receding contact 
angle to water of >■ 90® were actually achieved, the withdrawal of moulting 
fluid would be spontaneous, but such a change has never been produced in vitro. 
It is not beyond the bounds of possibility tl^t the living organism may succeed 
in doing this. 


* Fogg, Proc. Roy. Soc. B, 1947* * 34 » 503 * 

* Ba^ll and Bristol, J. Physic. Chem. 1940, 44, 5^. 

1® Fowkes and Harki^, J. Amer. Chem. Soc,, 1940* 3374 - 
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Summary 

Certain insects axe adapted to living continuously below the surface of water by 
retaining a thin film of air next to the body surface as a physical gill. It is demonstrated 
that this film of air requires to be at a lower pressure than its surroundings, and hence 
there exists a tendency for the surrounding water to invade it. This is prevented by a 
pile of small hydrofuge hairs which are frequently capable of holding up the air-water 
interface against a pressure of several atmospheres Such a gill is termed a *' plastron.’* 
The diffusion processes within the plastron, and the necessary free water surface for 
respiration impose certain restrictions on its structure which are not entirely compatible 
wi^ its water-protecting properties. The solution which offers the best compromise 
to all idle biological requirements appears to be a system of hairs as fine as is compatible 
with their mechanical strength, with their taps bent over to present a horizontal array 
to the water surface. 

Several types of plastron-bearing insects which illustrate these principles are briefly 
described. The plastron hairs do not rely on a waxy secretion for their hydrofuge 
properties. If the plastron is wetted it can only become functional again by drying out; 
its water-protecting properties are then unimpaired. 

The development of the plastron takes place beneath the moulting fluid m a saturated 
atmosphere; this raises a number of interesting physico-chemical problems and suggests 
waterproofing occurs beneath an aqueous layer, wmch is thus more readily withdrawn 
from the surface, leaving it hydrophobic. 

Department of Colloid Science, Department of Zoology, 
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Dr. J. W. L. Beament {Cambridge) said: It is apparently implied in the 
introductory paper that Dr. Wigglcsworth and I have correlated wax melting 
points with the temperature at which there is a sudden increase in the transpira¬ 
tion through the cuticle of an insect. However, our work shows that the tempera¬ 
ture at which transpiration increases suddenly, is consistently a few degrees 
below the orthodox melting point of the extracted wax. We have held that 
this " transition temperature ” corresponds to optical changes in the appearance 
of the wax : to the temperature at which the wax will spread on water, and 
will reorientate against a water interface, as shown by measurement of contact 
angles. These phenomena may correspond to a two-dimensional melting point 
and appear to fit in admirably with the theories of Dervician which Dr. Schulman 
has quoted. 

Dr. V. B. Wigglesworth {Cambridge) said: Dr. Schulman has stated that 
“there is no evidence that a lipoid monolayer adsorbed onto a solid structure 
can prevent water evaporation.’^ However that may be, I should like to point 
out that the wax film on the insect cuticle is in fact laid down upon a moist layer. 

Most of my remarks will concern Dr. Hurst’s paper. In my opinion the specu¬ 
lations of Dr. Hurst about the nature of the water-proofing mechanism in the 
cuticle of the blow-fly larva go much further than is justified by the experimental 
evidence at present available. There are, however, certain points that I should 
like to raise for discussion. 

(i) It is vexy difficult to obtain evidence for the existence of the different layers 
of the epicuticle unless the deposition of the cuticle is followed stage by stage. 
That has not yet been done with the cuticle of the blow-fly larva, but there is 
some slight evidence to suggest that this may be a somewhat anomalous type of 
cuticle. 

(ii) As to the hardening of the “ cuticulin ” layer of the epicuticle, I agree with 
Dr. Hurst that there is an increased resistance to solvents such as nitric acid 
before any tanning occurs. I have suggested that this might result from denatura- 
tion of the protein or from polymerisation of the lipides or both. But I have also 
supposed that subsequently the material is tanned. I note that Dr. Hurst regards 
the union of lipides with protein and the tanning of protein as mutually exclusive 
—on the grounds that both lipides and quinones compete for the amino groups. 
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I should like to ask whether the nature of the link between lipides and proteins 
is in fact known ? 

(iii) Fraenkel and Rudall, who are quoted by Dr. Hurst, showed that there is 
a lamellar fine structure in the endocuticle. So far as I know a lamellar structure 
of these molecular dimensions has never been demonstrated in the epicuticle. 
The sandwich arrangement of lipoids and proteins which Dr. Hurst proposes is 
a fashionable idea. It may well apply at the insect epicuticle. But if so, it should 
be possible to get evidence of this by X-ray analysis or other means. No such 
evidence exists at present. 

(iv) Dr. Hurst remarks that “the epicuticle is spatially separated from the 
liquid water phase by the endocuticle. “ I do not think that is true Liquid 
water certainly exists throughout the endocuticle. I believe that in many insects 
it extends into the substance of the epicuticle right up to the wax layer. I have 
referred to some of the evidence for this in my paper. 

(v) I astly, there is the question of abrasion of the cuticle by alumina. Alumina 
is a highly hygroscopic substance. I have never attempted abrasion with it when 
moist; but its properties are then so changed that I should not be surprised 
if it failed to work. I am well aware that the term “ abrasion ” begs a number 
of physical questions. I am told that physicists do not know what abrasion is ; 
until we know more about the physical nature of abrasion we cannot understand 
the true mechanism of the action of inert dusts on insects. As I pointed out in 
my original paper on the subject, it may be that the attractive forces at the 
surface of crystalline particles, wliich were suggested by Alexander, Kitchener 
and Briscoe as important in the working of inert dusts, may play a part in 
abrasive action. 

Dr, H. Hurst (Camhndge) {communicated ): Additional evidence in support 
of the structure I have postulated in the present paper is given by the diffraction 
patterns which are produced by transmission through the thin puparial mem¬ 
branes of CalUphora, These patterns persist when the cuticle is treated with 
chloroform, showing that they are not necessarily due to a superficial layer of 
wax. But they disappear after treatment in strong caustic potash, which is 
known to break down the structure of the epicuticle. The patteru suggested 
for a Upo-protein in the appendix to my paper permits the presence of super¬ 
imposed unit cells of orientated lipid between the protein layers, the fundamental 
attachments between the lipids and the proteins taking place either by polar 
association or by non-polar association of the hydrocarbon chains with the non¬ 
polar side chains of the protein. It is possible that this latter type of association 
is involved in the relationship between the mobile waxes and the bound lipo¬ 
protein fabric of the cuticle. I hope to obtain further information as to the 
laminar distribution of lipids and proteins by low-angle incidence X-ray diffrac¬ 
tion examination. 

Dr. J. W. L. Beament {Cambrige) said : I would like to deal with the subject 
of as3niimetiy in a little detail as it is one on which I have done some experimental 
work. Dr. Hurst and I have both recorded that insect cuticle transmits water 
more rapidly in the direction epicuticle-»• endocuticle, than when reversed, when 
it is the barrier between liquid water and unsaturated air. 

Dr. Hurst has proposed a h3rpothetical structure to explain the asymmetry 
of CaUiphora, in which the epicuticle acts as a “valve.” It does not seem to 
me that such a complicated structure is at all necessary. Dr. Hurst states 
“alayer of wax beneath the endocuticle should restrict the ^sage of water in 
the same way as a layer on the siucface,” and later, “ a superficial wax layer would 
restrict the passive flow of water,” (thus agreeing with the general theory), “ but 
is inconsistent with selective directional flow.” I would hold that it is essentially 
a layer of wax which causes asymmetry. 

My own experiments indicate that the cuticles of a number of insects are 
asymmetric in that they transport water more rapidly into dry air in the direction 
epicuticle-^ endocuticle, than when reversed. This holds for the intact cuticle 
of three very different insects and two ticks, for the cast skin of two insects 
and a tick, for a number of waxed lipoid-free skins and cuticles, for waxed tanned 
gelatin and waxed porous pot. None of these membranes, when wax free show any 
detectable asymmetry. An insect wing consists of Hpoid-epicuticle-endocuticle- 



222 


GENERAL DISCUSSION 


endocuticle-epicuticle-lipoid and it is most important to stress that it is 
theoretically and practically S3nTim.etrical, whether intact or after extraction 
with chloroform. But when waxed on one side such a membrane is asymmetnc. 

I do not claim that the figures involved in my experiments show such a large 
ratio for asymmetry as those of Dr. Hurst. The greatest asymmetry I have 
detected is fivefold, and I feel that this reading is large. For it must be under¬ 
stood that insect cuticle is very easily damaged and an experiment must be 
carried out very carefully to ensure that, on reversal, a membrane is structurally 
unchanged. In most of my experiments the membrane has been cemented between 
two celluloid rings held between rubber gaskets. The whole ring is removed for 
reversal. Even so, the operation of removing the preparation in its celluloid 
holder and replacing it in the same direction, may double the recorded permea¬ 
bility. An apparatus has also been used in which water could be placed on either 
side without disturbing the membrane at all. 

I would be grateful for the guidance of physical chemists on these ideas, but 
it would seem to me that a \vaxed membrane can give rise to one of two kinds 
of asymmetry. It is, for instance, well known that a piece of paper, waxed on 
one side, is asymmetric when tested under the conditions which we have men¬ 
tioned. This fact has been used in the packing of commercial articles. Its asym¬ 
metry is, however, reversed with respect to insect cuticle, i.e. water passes more 
rapidly in the direction water-paper-wax-air, than water-wax-paper-air. The 
explanation is straightforward. We assume the wax has the same permeabihty 
in both cases. In one, the paper is wet and permeable, in the other it is in dry 
air receiving very little water and the dry material has a much greater resistance 
to the passage of water. Asymmetry will be shown by any membrane where the 
non-waxy lamina changes its permeability to water with its degree of saturation. 

The insect cuticle is not unique in having the other kind of asymmetry: it 
has been reported by Denny (1917) for the wax-covered coats of seeds, and by 
Hamburger (1926) for synthetic systems. Now we do not postulate that the 
wax layer on the insect or membrane is impermeable to water; we say that it is 
resistant to the passage of water through the intcrmolecular spaces in the wax 
layer. In all the membranes in which this kind of asymmetry has been shown, 
the non-waxy side is porous and remains rigid and porous when desiccated. 
If water is to pass through the wax more rapidly in one direction than in the 
other, we must assume that the forces acting on that water are, when summed, 
greater in the one case than in the other. 

When the waxed surface is against air, the force pulling out the water is that of 
the saturation deficiency of the air. The hydrophilic lamina of the membrane is 
unsaturated, with a gi^ient through its thiclmess (otherwise water would not 
fiow ttirough it) and as it is unsaturated, this will tend to restrain water from 
passing into the wax. As water does not spread readily over a hydrophobic sub¬ 
stance, such as we imagine will line the wraxy pores, evaporation must take place 
from the bottom of these pores, and is very restricted. When the membrane is 
reversed, the wrax is in contact wfith liquid water, which can be regarded at 
zero potential, and there is no retarding effect. On the other side a comparatively 
dry, porous, hydrophilic lamina is capable of absorbing water at a great rate. 
Water will spread along the pores of this material rapidly, so that it reaches the 
surface quickly and presents a large area for evaporation at the upper surface. 
It would seem possible that there is a continuous liquid water phase through the 
wax under these circumstances, where every pore for evaporation from the wax 
is now a channel for water entry. If the wax is porous on a more macroscopic 
scale, this theory will work equally well. 

The wax layer itself has not been looked upon as a totally symmetrical layer. 
One side has been assumed to be closely packed and orientated; but ** the 
additional effect of the remainder of the wax depends on its close packing ** 
(Beament, 1945) ®-nd, especially as the molecules are not uniform in length, the 
arrangement must become more and more irregular towards the upper surface 
of the layer, I understand that a tightly packed monolayer presenting a surfixe of 
molecul^ endings will not be easily penetrated by water. This structure will be 
operating in the ** normal * * cuticular condition. On reversing the membrane, the 
unorganised molecules are in contact with water, and more readily wetted and 
penetrated. This effect must add to the degree of asymmetry which is measured. 
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Dr. G. S. Hartley {Harston) said: With regard to the paper of Hurst, he 
thought that it had not been shown to be necessary to invent highly specialised 
mechanisms for producing as3mimetrical difiusion through membranes. He 
wished to bring two known factors together to predict witti confidence that, in 
any membrane having a difference of permanent composition, chemical or 
structural, between its several layers, different rates of penetration in the forward 
and backward directions were to be quite generally expected. 

The first fact was that in any membrane, initially homogeneous but consider¬ 
ably swollen by the penetrating substance, the diffusion coefficient depended 
greatly on the concentration of the latter, being higher the higher this concen¬ 
tration. As a result, at any one steady state, a gradation of difiusion coefficient 
across the membrane existed. On reversing the membrane, the gradient would 
be reversed and no asymmetry would be found. 

The second fact was that in any intrinsically (permanently) composite mem¬ 
brane, the diffusion coefficient would vary from one side to the other, even if 
the swelling were so small that the penetrant substance did not itself change the 
diffusion coefficient in any one part of the membrane. In this latter case it could 
be shown that here, too, no asymmetry of penetration rate would occur. 

When, however, these two factors combine, the diffusion coefficient being a 
function both of the dry composition of the membrane and of its degree of 
swelling by the penetrant substance, the diffusion coefficient-distance function 
across the membiane could be qualitatively and quantitatively different for the 
two positions and asymmetry of penetration could quite generally result. 

Put briefly as a mathematical statement, we can easily show that if x is 
distance through a membrane and c is concentration, having uptake and exit 
values at O and X of Ca and Cj, the rate of transfer per unit cross-section G is 
given by 





in the general case. If the complex function f (x,c) is expressible as the product of 
two unique functions i^(x) x 4(c), this becomes 
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the permeability of the membrane will be symmetrical. Such separability of 
f (x,c) into the product of two unique functions will not, however, be realised in 
practice except in the more limited case of one of them being constant, i.e. the 
membrane will only be symmetrically permeable if D is constant or a fimction of 
X alone or c alone. Where D is a function of both x and c it is extremely improb¬ 
able that the function will be separable and, if not, asymmetric permeability is 
to be expected. 


Dr. W. W. Barkas {Princes Risborough) {communicated) : As a supplement 
to Dr. Hartley’s useful remarks on asymmetrical diffusion in homogeneous 
membranes, may I point out that there is no reason for supposing that <fiffusion 
should normally be expected to be more rapid when the more permeable material 
faces the higher vapour pressure, though this is true I believe of many coated 
papers ? If the increasing permeability with moisture content of file more 
permeable layer is due to swelling, as H^ortley, I think correctly, suggests, then 
if the same layer is not allowed to swell freely, it may well be less permeable 
when wet than dry. If, therefore, the less permeable layer in the membrane 
prevents the free swelling of the other, the greater net permeability of the 
composite membrane may be found when the less permeable layer faces the 
higher vapour pressure. Hartley’s analysis is correct if, as I am sure he intends, 
that the permeability of the separate layers are those obtaining in the membrane 
itself, and not those measured on layers which have been separated from the 
membrane. 
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Dr, A, Klinkenberg (The Hague) said : According to Dr. Schnlman the wax 
layer of the cuticula will be impermeable to water only where it is well orientated. 
For this, it is necessary that it rests on a wet surface, i.e. the polyphenol layer. 
It seems to me that wetting the wax layer on the outer surface also removes the 
cause for orientation. The layer might therefore disorientate in the experiments 
on the inward penetration of water through insect cuticula and become permeable 
to water. 

Dr. Hartley has put forward the argument that an as3anmetrically built-up 
layer, in which the diffusion coefficient for water depends on the equilibrium 
partial pressure, will show unequal rates of transport of water in both directions. 
It is possible to difterentiate between these two causes of asymmetry of the 
movement of the water. The first should disappear when experiments are made 
with water vapour of difierent pressure on both sides of the cuticula, instead of 
using liquid water on one side and vapour on the other. 

Dr. H. Hurst (Cambridge) said : It has long been known that membranes may 
be more permeable in one direction than in the reverse direction. ^ * I have 
referred elsewhere to the analogy between the permeability of insect cuticle 
and the waxy cutinised layer of plant membranes, such as the skin of the tomato 
or grape,® Both the insect cuticles and plant membranes are most permeable 
to water when the outer surface is in contact with the liquid water phase. More¬ 
over, the penetration of ethyl alcohol through the tomato skin is increased in the 
presence of kerosene, in the same way as the cuticle of Calliphora larva is made 
many times more permeable to alcohol by kerosene or benzene. These effects 
are reversible, for if the insects are transferred from the mixed solvent system 
to pure alcohol, the rate of penetration is slowed down. 

The Calliphora cuticle is also analogous to a rubber membrane, which is 
unvulcanised, or partially vulcanised.® For example, the permeability of a rubber 
membrane to ethyl alcohol is increased by a swelling solvent, such as benzene, 
carbon disulphide, carbon tetrachloride, or kerosene, but not by a non-swelling 
solvent, such as castor oil. Kerosene may increase the rate of penetration of 
alcohol through the insect skin several hundred times, but castor oil, or oleic 
acid does not have this synergistic effect. This combined action of kerosene and 
ethyl alcohol is shown with the waxy type of cuticle, but only after a moult 
when the cuticle is soft. Similarly, thin sheets of hard vulcanised rubber do not 
show the effects of induced penetration of alcohol by a swelling solvent. 

These effects, of course, do not prove that the structure of insect cuticle is 
ftimilflT to that of a plant skin; or rubber membrane, but they suggest that the 
permeating medium may greatly increase the permeability of the cuticle by 
swelling the structural framework, and that this is inhibited by the introduction 
of chemical cross-linkages into the fabric which restrict the separation of the 
structural elements. 

In his contribution to this Discussion, Dr. Beament distinguishes between 
the waterproofing action of a wax layer system and of a protein impregnated with 
wax. He points out that the properties of a wax-protein system, as revealed by 
the actions of poisons, detergents, and abrasives, are altogether different from 
those of a lamina of wax, which is said to be the normal water-proofing mechan¬ 
ism in insects. In particular, the wax laminae show sudden increases in permea¬ 
bility to water at critical temperatures, while this property is not shown by the 
wax-protein system in the Rhodnius egg-shell. Let us examine further this 
conclusion in the light of experimental evidence. 

In Fig. 2 of his contribution to this Discussion, Dr. Wigglesworth shows that 
in different species of insects with waxy cuticles, there is a sudden increase in 
permeability to water at temperatures within the range 30® c. to about 60® c. 
The respective critical temperatures correspond closely with those obtained 
with isolated layers of wax deposited on insect wing membranes. From the 
quantity of wax, obtained by treating the isolated cuticles with boiling chloro¬ 
form, Dr. Beament has calculated that the waterproofing layer consists of a 
layer of wax o*2-o*3fx thick on the surface of the tanned protein cuticulin layer, 

1 Hamburger, Biochem, Z,, 1908, ii, 443. 

•Denny, Bot. Gag,, 1917. 63. 373- 

® Hurst, Nature, 1941, 147, 388. 
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There is an extraordinary coincidence between the critical temperatures (41® c.) 
for the feeding larva, prepupa, and early puparium (24 hr.) of Calliphora,^ 
This coincidence extends to the critical temperature (41*5® c.) for the membrane 
systems containing isolated wax. At these critical temperatures the insects and 
the model membranes permit the passage of water at a rate of 5 mg./sq. cm./hr.® 
By weighing the wax extracted from the washed puparia. Dr. Beament has calcu¬ 
lated that the thickness of the superficial waxy layer in Calliphora puparia, and 
presumably, in the larv-al stages, is o-27(jl. 

From the physico-chemical point of view, the similarity between the behaviour 
of the Calliphora cuticle and the waxed membrane pro\’ides critical evidence 
that there is a superficial layer of wax op the surface of the insect cuticle, and 
this layer of wax is the main barrier to water loss from the cuticle. 

From the biological point of view an unfortunate snag arises. There is no 
superficial waxy layer on the surface of the cuticle of Calliphora larvae. During 
pupation, the larval cuticle is transformed into the hardened puparium, which 
becomes a dead structure, in which there can be no secretion of a waxy layer. 
Dennell has similarly reported the absence of a superficial waxy layer in the 
related blowfly larva, Sarcophaga falculata. Dennell ® has pointed out that in 
the cuticle of Sarcophaga, it is the outer layer of the epicuticle which is impreg¬ 
nated with lipid, in the sense implied by Dr. Beament. In fact, the chain of 
evidence clearly shows that there is a similarity between the behaviour of the 
wax-protein protective layer and a lamina of wax. The technique used by 
Dr. lament for removing the waxes from insect cuticle does not diflerentiate 
between a superficial layer of wax and wax present in the underlying cuticulin 
layer, although a proportion of this wax may be strongly linked to the structural 
protein. The wax-protein in the Rhodnius egg-shell must either possess peculiar 
properties, or its permeability is influenced by other factors. 

A model membrane consisting of a homogeneous layer of wax on a permeable 
supporting framework merely indicates that the lipids of the cuticle have water¬ 
proofing properties either in a superficial layer or when associated with protein 
in the epicuticle frameAvork. It is by the appropriate selection of biological 
material that the model system is sho^vn to be inadequate from a biological 
point of view, for Dr. Beament has described and measured the thickness and 
permeability of a superficial wax layer on the surface of the cuticle of Calliphora 
when no such wax layer exists. If we consider the physiological significance of 
cuticle structure in relation to the flow of water through the membrane, it is 
possible to select quite a number of simple membrane systems which are selec¬ 
tively permeable to water in one particular direction, and impermeable in the 
reverse direction. By discarding systems which do not conform to the physio¬ 
logical and toxicological requirements of the li\dng systems it becomes possible 
to arrive at a structure which is fundamentally^ a laminated lipo-protein in which 
more labile lipids can participate. 

System i. —^Double membrane consisting of homogeneous lamina of wax on 
surface of permeable supporting framework (Fig. i (a), (6)). By definition, the 
wax lamina, is completely impermeable to w^ater. The permeability constant of 
the double membrane is determined by the permeability constant of the vrax 
lamina, which is zero. The double membrane will not show a directional effect 
in relation to the evaporation of water through the membrane in opposite 
directions, and is thus not analogous to insect cuticles of the waxy, or non-waxy 
type. 

System 2,—^As in System i, but the waxy layer is penetrated by a series of 
pores (Fig. 2 {cC), (h)). If the hydrostatic pressure of the water phase in {a) is 
sufficient to force the w^ater into the openings of the capillaries, the rate of 
evaporation of water is proportional to the area of exposed liquid water 
(sj + Sa -|- Sj -f . . . Sj^). In the reversed system (&), water will flow from the 
capillaries into the permeable membrane component, and the rate of evaporation 
is proportional to the free water surface 5 , which depends on the true geometrical 
surface of the membrane. The coefficient of'asymmetry is given by the ratio 
-j- Sa -{- Ss + . . . f*). With systems of this type consisting of a layer of 

* Wigglesworth, /. Expt. Biol., 1945 ^ *1* 97 * 

» Beament, J. Expt. Biol., 1945, ai, 115. 

® Dennell, JfVoc. Roy. Soc. B, I 946 » * 33 » 34 ^. 
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beeswax or paraffin wax melted on to the surface of parchment, I have obtained 
coefficients of as3mimetry of 20-60. The wax layer is perforated by a single pore, 
0-2 mm. diam. The membrane is attached to the osmometer described in the 
present paper, and the hydrostatic pressure adjusted so that the surface of the 
water in the pore is approximately level with the surface of the surrounding wax 
layer. 

Membranes of this type are relatively impermeable to water in the direction 
parchment-ywax, and permeable to -water in the reverse direction. They therefore 
simulate the two fundamental properties of insect cuticle which have been 
described. The analogy breaks down on physiological and toxicological grounds. 
If pores are present in the protective epicuticle layer and these pores are filled 
with water which does not spread over the general cuticle surface, contact of the 
cuticle with a hydrophilic surface should induce a bulk flow of water through 
the pores on to the surface. This does not occur, and it has been pointed out that 
the surface of the cuticle in blow-fly larvae is strongly hydrophilic and readily 



(p) Water, (b) Water 

Fig. I. 



Air 


(a) Water. (b) Water 

FIg. 3. 

In the above systems, the rates of evaporation of water are greater in 2(6), 
3(6) than in 2{a)t 3(a). This directional efiect is not shown iu i (a), (6). As}^- 
metrical behaviour in Fig. 2 depends on the difference in wetting properties of 
the outer surface. In Fig. 3, the swelling of the flexible collodion membrane is the 
limiting factor. 




wetted by water. Moreover, lower primary alcohols, such as methyl or ethyl 
alcohol, do not penetrate through the protective layer. As the homologous series 
of alcohols is ascended, the molecular volume increases uniformly, but penetration 
reaches a maximum at amyl alcohol and then falls off. This shows that the 
protective layer does not act as a simple molecular sieve, and that other factors 
are involved in alcohol access. 

System 3. —Double membrane consisting of a layer of collodion on surface of 
parchment layer (Fig. 3 (a), (6)). I have referred elsewhere to the asymmetrical 
behaviom of coUodiem-paLrehment membranes, the system being more permeable 
in the direction coUodion-->parchment than in the reverse direction.® This may 
be due partly to the difference in the wetting properties and geometrical surface 
oi the components, as in System 2, but another factor must be taken into con¬ 
sideration. Collodion membranes are usually prepared by allowing a thin layer 
of collodion solution in an organic solvent (mixture of alcohol and ether) to dry. 
If water is added before the solvents have evaporated, a “ wet" membrane is 
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obtained with large pores. If the membrane is allowed to dry before adding 
water, a “ dry ” or “ tight ” membrane is obtained with small pores. The “ wet ” 
membrane is considerably more permeable than the “ d^ membrane. The 
permeability is dependent on the spaces between the micro-crystals of nitro¬ 
cellulose, and also on the intermolecular spaces between the component molecules 
of the crj’-stals Northrop ^ has pointed out that in the dry type of mem¬ 
brane, the pores are extremely small or absent so that permeability depends 
on solubility in the membrane. 

A collodion membrane is insoluble in water but swells so that there is an 
increase in the eiiective free pore space within the membrane. The permeability 
constant of the membrane to water is therefore a function of the change in 
permeability induced by the presence of water in the membrane. The general 
condition for selective directional flow of water through a double membrane 
system consisting of two components A, and B, is that the permeability constant 
of one component should increase more rapidly with uptake of water than the 
other component. Using “ tight ” collodion membranes deposited on writing 
parchment, I have obtained coef&cients of asymmetry of 4-8, the rate of evapora¬ 
tion of water being greatest in the direction collodion-^parchment. This would 
suggest that the collodion layer is analogous to the epicuticle, and the parchment 
to the endocuticle layer of insect cuticle. 

The influence of the solubility of a permeating medium on membrane permea¬ 
bility can readily be demonstrated with collodion parchment systems, using 
the osmometer technique described. In the systems 

(а) water | parchment | collodion ] ethyl alcohol vapour (saturated) 

(б) water | collodion | parchment | ethyl alcohol vapour (saturated) 

the alcohol vapour in (a) is rapidly imbibed by the exposed collodion layer, and 
liquid alcohol diffuses into the bulk water phase. The rate of uptake of alcohol 
vapour is greater than the rate of evaporation of water in the reverse dnection, 
so that there is an increase in volume of the aqueous phase. In ( 5 ), the increase 
in the permeability constant of the collodion membrane by alcohol is smaller, 
and the rate of evaporation of water is the limiting factor which results in a 
decrease in volume of the aqueous phase. 

Certain insect cuticles resemble collodion membranes in the above systems* 
For example, larvae of Chironomns, which live in water, swell rapidly when placed 
in ethyl alcohol. If the insect is turned inside out, the tissues removed, the 
cuticle shell filled with water and the ends ligatured, the insect ” shrinks when 
immersed in alcohol. Selective permeability to alcohol clearly depends on contact 
of alcohol with the epicuticle. Similar results are obtained with blow-fly larvae, 
but only after treatment in hot fat solvents which remove the labile lipids. The 
selective effect is influenced by the properties of the bound lipo-protein of Ihe 
epicuticle framework. Even after Calliphora larvae have been treated^ with 
boiling chloroform, the rate of penetration of alcohol through the cuticle is 
increased by a non-polar solvent, such as benzene, or kerosene. This can only 
be ascribed to a swelling action of the iat solvent on the bound lipo-protein of 
the epicuticle, because the permeability of a lipid-free protein membrane such 
as tanned gelatin is not increased by a fat solvent in this way. It would appear 
that the cuticulin layer of the epicuticle is not directly analogous to a tanned 
protein membrane as postulated by Dr. Wigglesworth and by Dr, !l^ament. 
The selective permeability of the epicuticle is dependent on the labile lipids 
and on the bound lipo-protein. The unit of molecular organisation would apj^ar 
to be a flexible lipo-protein, the variable component being the fat-soluble lipid 
which is displaced from this lipo-protein. . t i 

Lipo-protein Structure of Epicuticle. —^Experiments on isolated cuticles 
have shown, that water and non-polar flit solvents, such as ben^ne or heptane, 
evaporate most rapidly through the cuticle in the direction epicuticle -> 
endocuticle. This directional effect is not shown when the outer epicuticle 
layer is removed mechanically from the underlying endocuticle. The selective 
effect, however, is shown after the fe.t-soluble lipids have been removed in 


’ Northrop, /. Gen. Physiol., X929, 435 * 
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boiling chloroform. The permeability constant of the epicuticle to water and 
fat solvent increases with uptake of these media more rapidly than the 
permeability constant of the endocuticle, which is analogous to a porous parch¬ 
ment membrane. 

The analogies between the various layers of the insect cuticle and artificial 
membranes can be summarised as in Table I. 

Table I.—^Analogies Between Component Layers of Insect Cuticle and 
Artificial Membrane Systems. 


Insect cuticle layers. 

Composition. 

Artificial membranes. 

Superficial wax layer. 

Long chain fatty acids 
and alcohols. 

Extracted wax film on 
supporting fabric. 

Cuticulin layer. 

Flexible lipo-protein ^ 
■with labile lipid. 

Collodion rubber. 

Exocuticle. 

Tanned protein associ¬ 
ated -with chitin. 

■ —-- 

Tanned gelatin. 

Endocuticle. 

As above (untanned). 

Gelatin parchment. 


* This becomes quinone-tanned during hardening. 


Dr. Wigglesworth and Dr. Beament have based their concept of cuticle 
structure sdmost entirely on a model system of a la3»^er of wax, which certainly 
may be a limiting factor in relation to the passive flow of water through the 
cuticle in the direction endocuticle-► epicuticle. The condition for directional 
permeability is that the non-flexible lamina of wax should be penetrated by 
fine pores, a condition which does not exist in the Ihdng insect. Any demonstra¬ 
tion of as5mmetrical behaviour with the model system may simply indicate 
that small holes interrupt the continuity of the wax lawyer. If, however, a 
superficial layer of wax, not necessarily homogeneous, is associated with the 
underlying flexible lipo-protein framework of the cuticuHn lay^’er, so that the 
wax may extend or “impregnate “ this layer, a pattern is obtained which is 
consistent with histological e\ddence for the structure of cuticles of the waxy 
and non-waxy types. 

Lamellar Organisation of Lipids in Epicuticle. —^WTth the usual staining 
techniques I have been unable to detect laminations in the epicuticle layer, a 
point vrhich has been raised by Dr. Wigglesworth. I have inferred the existence 
of a lamellar fabric from the selective access of catechol through the cut surface 
'of the epicuticle, and from physiological grounds that the natural phenol 
secreted by the epidermal cells becomes selectively localised in the outer layers 
of the cuticle. In Calliphora larva, or Musca larva, there is no superficial wax 
layer, and a selective storage of polyphenol, which does not pass readily across 
the cuticle framework, can only occur if the protective lipid is discontinuous. 
This necessitates the secretion of polyphenol directly into the outer layers through 
specialised ducts, which can readily be demonstrated by treating the outer layers 
of the cuticle with ammoniacal silver solution or aqueous catechol solution. The 
reagents penetmte selectively through the thin layers of epicuticle which cover 
the distal ■terminations of the ducts. I am pleased that the lamellar structure 
for the epicuticle, which I have postulated from permeability measurements 
should coi^pond closely with that observed by Dr. Thorpe in the epicuticle of 
Apkelocheirus by the use of ultra-violet photomicrography. 

I have not produced direct evidence for the molecular organisation of the 
structural lipo-protein lamell«c.f I hope to have more information on this point 
from X-ray difl^tion studies on isolated epicuticle. I have depicted the lipid 
molecules as orientated double layers between protein leaflets. This type of 
structure has been described for the cell membrane, and for "the thicker nerve 

t Electron difEraction technig^ues have since directly confirmed the la-minar 
lipo-protein structure. 
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myelin sheath, which appears to be composed of concentrically arranged lipo¬ 
protein layers. The X-ray evidence shows that the mobility of the lipids in the 
layers depends on the hydration of the sheath. 

From the point of view of directional permeability of insect cuticle, the 
packing between the hydrocarbon chains will undoubtedly influence the passage 
of water in the same way as the permeability of an orientated monolayer of 
wax at an air-water interface changes with surface pressure. If we consider the 
change in the permeability constant with uptake of water, there is no lunda- 
mental distinction between the intermolecular “ pores between adjacent 
hydrocarbon chains in the monolayers of orientated lipid and the pores in a 
“tight*' collodion membrane. That there is an extremely stable linkage 
between the lipids and structural proteins is shown by the action of fat solvents 
and fat solvent mixtures. It is therefore by postulating a change in the hydra¬ 
tion of the structural proteins that we can explain the magnitude of the change 
in permeability constant, since any extension of the protein fibrils will be 
reflected in an analogous separation of the hydrocarbon chains of the lipids. 
It is for this reason, that a fat solvent such as kerosene, which increases the 
permeability of the lipids to other fat solvents, such as ethyl alcohol, also 
increases the permeability of the cuticle to water. Since the endocuticle is 
poor in w^aterprooflng lipids, there is only a small increase in permeability constant 
with hydration, and so the essential conditions for directional permeability are 
fulfilled. This explains the similar directional efiects observed with w^ater and 
•with fat solvents. 

Action of Phospholipids. —Further evidence that a simple wax layer is not 
the limiting factor in passive permeability to water is seen from the water¬ 
proofing action of the phospholipids, lecithin and cephalin. That these can 
penetrate through the cuticle framework is shown by the removal of fat-soluble 
lipids from the outer surface of the cuticle by chloroform, and the substitution 
of these lipids by the phospholipids which are present inside the insect. Here 
is an example of a reversible associa-tion between the labile lipids and the bound 
lipo-protein of the epicuticle. The presence of liquid water is essential for the 
mobility and orientation of the phospholipids within the epicu-tdcle, and here 
again a lamellar lipo-protein fabric is consistent -with the physiological situation. 

When lecithin is applied externally to the waxy cuticle of Tenehrio larvae, 
the rate of evaporation of water through the cu'ticle is increased and the insect 
dies from desiccation.® Dr. Wigglesworth has confirmed this observation using 
various species of insects with waxy cuticles.® This apparent discrepancy is 
perhaps the key to the true significance of a superficial protective waxy layer. 
Kerosene or benzene increases the permeability of the cuticle of Tenebrio to 
ethyl alcohol, only when the cuticle is soft and flexible, after a moult, and this 
effect is shown with the adult beetle shortly after emeigence from -the puparium. 
As the cuticles harden the synergistic action between kerosene and alcohol 
diminishes and is not shown with the hardened cuticles. It is also not sho'svn 
with the puparium of CalUphora after this has hardened. This hardening 
extends to the cuticulin layer of the epicuticle and reduces "the flexibility and 
hydration of this layer. Lecithin would therefore exert a detergent action on the 
superficial waxy layer in the sense used by Dr. Wigglesworth. Since the under¬ 
lying lipids in the cuticulin layer are immobilised by the tanning of the associated 
protein components, there would be li-ttle tendency for the lecithin to penetrate 
and become adlineated with these structural lipids. In this respect, therefore, 
the concept of a superficial layer of wax on a tanned protein cuticulin layer 
is fundamentally consistent with the flexible lipo-protein non-'waxy type of 
cuticle described in my paper. 

Mosaic Structure of Epicuticle. —^The histological evidence clearly reveals 
the presence of an anastomosing fibrous network in the cuticulin framework 
of the epicuticle, and this is apparently continuous with the distal branched 
ends of the pore canals in Sarcophaga larvae. This type of fibrillar network is 
by no means uncommon in natural membranes. It is possible that the structure 
serves a mechanical function, for -fche pore canals in the mature larva become 
blocked internally -with chitin, and they are not connected to the epidermal 
cells at a stage before the secretion of polyphenol takes place.® This secretion 
therefore cannot take place through the pore canals as Dr, Wigglesworth has 
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described for Rhodtiius cuticle.® In the present paper, it has been assumed 
that the mosaic network exerts a mechanical function in so far as it restricts the 
extension of the lamellar lipo-protein framework of the epicuticle. But it is 
possible, and indeed likely, that in the younger larva, and in other insects, the 
mosaic elements are continuations of the pore canals into the actual cuticulin 
framework, and transport and maintain an essential balance of lipid and lipo¬ 
protein 'wdthin the framework or in the superficial waxy layer. 

Dr. J. W. L. Beament {CatYihyidge) said: The permeability given by Dr. Hurst 
for Calliphora cuticles in the direction water-endocuticle-epicuticle-air, is at least 
eight times the value given by Dr. Wigglesworth for the intact insect (which 
has no active waterproofing mechanism) or by myself for a membrane coated with 
Calliphora extracted wax. It might seem that his cuticle preparations start their 
experiments in a damaged state. 

The Salt-Hollick machine for extracting soil larvae by flotation, fails to remove 
many Dipterous larvae, the group of insects of which Calliphora is a member. 
As this machine seems to depend on the wetting properties of the cuticle, it may 
point to some peculiarity of these cuticles as compared with other insects. 

Dr. J. W. L. Beament {Cambridge) {communicated ): In reply to Dr. Hurst’s 
addenda to the Discussion, the following points are of interest. 

It should be clear from my contribution to the Discussion that only the 
secondary waterproofing system of the Rhodnius egg-shell is suggested as a 
wax-impregnation of protein since its properties are entirely different from the 
primary waterproofing system which is of the normal and typical wax lamina 
type. 

Dr. Hurst says ** From a physico-chemical point of view ... a wax layer is 
the main barrier to water loss.” If this is admitted, the biological evidence 
rests with Wigglesworth’s w’ork on the deposition of the cuticle in Rhodnius. 
Dr. Dennell has not reported the absence of a wax lamina ; he has failed to 
demonstrate one histologically—^which applies equally well to the work of 
Wigglesworth and others in tMs field. Surely no conjecture on the structure 
of the Calliphora cuticle is valid until the deposition of its cuticle has been 
followed ? 

Calculations of wax thickness have always been based on the assumption 
if this wax is distributed as a uniform layer over the surface of the cuticle.” 
Dr. Hartley and I have given ample reasoning that a wax lamina system 
'will account for asymmetry without the introduction of more complex structures 
for which no reliable evidence exists. 

Dr. H. Hurst {Cambrige) said : Dr. Beament has criticised the experimental 
data in my paper in three respects. 

(i) He states quite positively that he has never been able to obtain etsymmetry 
co^cients greater than 5, and that some experimental error is responsible for 
the higher coefi&cients recorded in my paper. This statement is not in accord 
with his published statement in the original paper on which his communication 
is based.® Referring to the data in Table i, p. 116, Dr. Beament reaches the 
following conclusion: 

“These results confirm the observation of Hurst* (1941) that there is an 
asymmetry of one hundredfold in the transmission of water through the blow-fly 
larval cuAle. There is a suggestion of asymmetry in the whole cuticle, but in 
the exuviae of Rhodnius the ratio of rates of -transmission of water in either 
direction are 20: i in the initial period, and 5 : i after the membrane has been 
exposed to water for 21 days and is very fragile.** 

This conclusion is remarkable, for I have found that the high coefficients of 
asymmetry are only obtained when the live insect is killed and quickly dissected 
under water. There is a rapid elution of water-soluble proteins and probably 
Hpo-proteins from the cuticle framework. This is reflected in the progressive 
increase in the rate of evaporation of water in the direction endocuticle->epi- 
cuticle. During the first 10-20 min. the rate of water loss is so low that it cannot 
be measured aceuxately with the api^xatus used, which is adapted to utilise 


« Wigglesworth, Rroc. Roy. Soc. B, 1947, 134, 163. 
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maximnin cuticle surface, and can register changes accurately to o*i mg.* In 
Fig. 2, it is seen that the rate of water loss increases considerably (^i) after about 
40 min., and this results in a decrease in the coefiBicient of as5mimetry. 

In the technique used by Dr. Beament, the isolated cuticles are left in distilled 
water overnight, attached to the membrane holder, and the whole apparatus 
left in a desiccator for 24 hr. before taking readings. These were obtamed by 
weighing at intervals of 24 hr. This technique is discontinuous and is not suitable 
for measuring changes in permeability, winch take place rapidly in the presence 
of water. Dr. Beament refers to the coefficient of 5 : i in the fragile cast skin of 
Rhodnnis which has been exposed to water for 21 days, but gives no indication 
of the actual rates of evaporation of water in opposite directions through the 
membrane. 

(2) Dr. Beament refers to the fact that the rate of evaporation of water through 
the isolated cuticle of Calliphora is greater than that recorded by Dr. Wigglesworth 
for the cuticle in the intact insect. 

This criticism is answered in my initial comments. The permeability of the 
cuticle increases owing to the passage of water-soluble or dispersible materials 
from the endocuticle into the water in the osmometer tube. If lecithin or cephalin 
are present in the water phase, the rate of evaporation of water is reduced 
(Table III). 

{3) Dr. Beament comments on the high rate of evaporation of water in the 
direction epicuticle->endocuticle and points out that this is greater than the rate 
of evaporation from a free water surface. 

The free water surface of the endocuticle depends on the true geometrical area, 
over which the permeating water spreads The rate of evaporation of ^vater 
from a free water surface may be greatly increased if a thick layer of blotting 
paper is placed in contact with the surface. In his calculations of the effective 
thickness of wax layers on the cuticle. Dr. Beament has ignored this factor. 

Dr. J. W. L. Beament (Cambridge) [communicated) : The original report of 
asymmetr}’^ in Rhodmus cuticle was a preliminary one. These results have been 
discarded with the use of more reliable and efficient apparatus. Nevertheless, 
in contradiction of Dr. Hurst’s assertion, the actual rates of evaporation on 
'Which these ratios were calculated were published in the original paper to which 
Dr. Hurst refers. 

The figures for permeability in the original paper are steady values. It would 
indeed be difficult to ascribe reasons for the changes in permeabili'ty over an 
initial period, such as an hour or even smaller intervals of time. During this 
time, liie water content of the membrane at the time of setting up, its state of 
tension under the rubber band (1) and water on its external surface are each 
factors which would make extrapolation a risky matter. 

l^inute irregularities in cuticle surface have been taken into account in the 
calculation of apparent wax thicknesses. This does not affect the issue that the 
only reasonable test of identi-ty of conditions in a membrane of cuticle and in 
the intact insect, is, that the rates of evaporation through each should be almost 
identical. 

Dr. A. D. Lees [Cambridge) said; It seems questionable whether a cuticle 
with the structure pictured by Dr. Hurst in Fig. 6 could effecti'vely restrict 
transpiration. In this model the epicuticle is sho-wn as a mosaic of lipo-protein 
leaflets enclosed by a “ flexible restraining network ” of vertical rods. The 
latter elements are not stated to contain lipids and are presumably thought of 
as hygroscopic. But since they penetrate to the surface of the cuticle, what is 
to prevent rapid evaporation occurring at these points ? The same concept 
has also been applied by Dr. Hurst in interpreting the phenomenon of the active 
water uptake through the cuticle of living insects. From a general standpoint, 
however, it would seem unwise to ascribe to the physical properties of the cuticle 
a dominant part in this function; for, whereas the structure and properties of 
a wide range of arthropod cuticles appear to be rather uniform, the ability to 
secrete water in this manner is certainly rare. Criticism could also be levelled 

* The initial coefficients of asymmetry are based on extrapolation of the curves for 
evaporation rates. 
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at the implied mechanism of ^vithdrawal of water from the cuticle. It seems 
dubious whether tensile forces, developed in the body wall as a result of random 
muscular contractions, could ever be an eftective agency in expelling water from 
the cuticle ; and this view, of course, ignores the undoubted role of the epidermis 
in controlling the passage of water. Finally, there is no evidence that any 
reversible change in cuticle permeability takes place when the insect or tick is 
exposed alternatively to high and low humidities. The water movements are 
the net result of two opposed processes, one active, the other passive. So far 
as is known, secretion tends constantly to move -water inwards through the 
cuticle. When the force favouring passive evaporation is large, secretion can 
merely reduce the rate of water loss ; when it is small or non-existent, secretion 
can result in water uptake. 

Dr. H. Hurst (Cambridge) (communicated) : In my paper, I have stressed 
the lipoph3dic nature of the epicuticular rods which act as a support for the 
extensible laminated hpo-protein. 

Dr. D. J. Crisp (Cambridge) said : The movement of water in a direction in 
opposition to that of normal difiusion, which has been sho-wn by Dr. Lees to take 
place in ticks, involves a gain in free energy which must be offset by some linked 
process where an equal or greater loss of free energy occurs. The suggestion of 
capillary condensation or of hygroscopic structures to adsorb water does not 
really help, because this -water is still at a lower thermodynamic potential than 
that inside the insect, and a mechanism must be provided to withdraw it to a 
region of higher potential. There is no e\'idence at present as to vrhat this 
process might be, but it must occur befcv'een the outermost cuticular layers and 
the body fluids ; presumably, the hypodermal cells are responsible. In main-tain- 
ing the outer cuticular layers in an unsaturated condition (i.e. at a higher osmotic 
pressure) than the body fluids, the behaviour is analogous to that of the proto¬ 
plast wall described by Prof. Eennet-Clark, ® and indeed to many other as 3’'et 
unexplained mechanisms of secretion.^® 

Dr. H. Hurst (Cambridge) said : Dr. Wigglesworth has sliowm that when the 
cuticle of a JRhodnhts nymph is rubbed with alumina dust, the cuticle becomes 
more permeable to nico-tine or rotenone, and the treated insects are allected more 
rapidly than the un-treated control insects * The nicotine was used in aqueous 
solution, and the rotenone in powdered form. The conclusion was drawn that 
an abrasive dust increases the permeabilit3" of the cuticle to water and to 
insecticides by destroying the continuity of the superficial protective waxy layer. 

I should like to draw attention to some experiments which suggest a diflerent 
relationship betw^een the desiccating action of a dust and the uptake of insecti¬ 
cides by the insect. A p3n:ethrum extract, in which the toxic principles are 
p3n:ethiins I and II, is used as the test insecticide. Adult Tenehrio molitor 
beetles, which possess hard waxy cuticles, are used as test insects. Fine alumina 
is used as the dust. The insects are allo-wed to w^lk on a thin film of p3T:ethrins 
deposited from a o*i % alcoholic solu-tion on a glass surface. Within 5-8 min. 
the insects exhibit t^ical s3maptoms of pyrethrin intoxication and lose the 
power of co-ordinated movement. The poison has penetrated the protective 
upid layer and a-ttained a critical concentration at the peripheral nerv’-ous system 
which IS associated with the cuticle framework. 

When paralysed insects are covered -with a thick layer of alumina, there is 
a gradual recovery of nervous co-ordination, and within 15-30 min, the insects 
are able to walk normally. If the dust is allowed to remain on the insects they 
begin to lose -water by transpiration through the cuticle, and die within 8-12 hr. 
But during this stage -there is no appearance of the S3nnptoms of pyrethrin 
poisoning. The untreated insects remain paralysed. Both the dusted and the 
control insec-ts have received equivalent dosages of p3rrethrins, but the dust 
has clearly displaced pyrethrins from the peripheral nervous system. The 

• Bennet-Clark (This Discussion). 

^•H6ber, Physikaliche Chemie dir Zelle und der Gewebe (Leipzig 1926). 

Keys, Trans, Faraday Soc., 1937, 33» 97®* 

^ Kitching, Biol. Rev. 1938, 13, 403. 

^•Adolph, Physiological Regulations (Lancas-ter 1943). 
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poison is insoluble in water, but soluble in fat solvents so that it must become 
localised or stored in the protective waxy layer. If the dust merely abraded the 
layer by a mechanical action which resulted in the production of local dis¬ 
continuities in the wax layer, the elective storage capacity of this layer for 
pyrethrins should not materiaJly change. In fact, pyrethrins I and II, which 
are capillaxy-active liquids forming a liquid-expanded monolayer at an air- 
water interface, should penetrate between the discontinuities into the under¬ 
lying layers.^* The sensory nerve endings of the peripheral network are not 
embedded in a superficial wax layer, but terminate distally beneath specially 
modified thin regions of the cuticle framework. The coincidence between the 
recovery from pyrethrin poisoning and the desiccating action of the dust suggests 
that there is an outward displacement of lipid containing dissolved pyrethrins 
from the cuticle framework. This is initiated by the adsorption displacement of 
lipid on to the dust surfaces from the superficial surface of the cuticle. 

The above conclusion may be confirmed in the following ways : 

(1) The paralysed beetles do not recover if treated with a wet dust. Neither 
is there any lethal desiccating action. 

(2) Only dusts which exert a desiccating action show an “ antidote ” action 
on the im'tial stages of pyrethrin poisoning. In fact, desiccating action is 
directly proportional to antidote action. The order of decreasing desiccating 
activity of some typical powders is alumina >silica (Neosyl) >charcoal (blood) 
>calcium sulphate (Fygran) >talc >chalk. The order of decreasing “ antidote 
action on pyrethrin poisoning runs in the same direction. Finely divided 
tungsten powder, which can exert an abrasive and desiccating action when 
rubbed hard into the cuticle of insects, has neither desiccating activity nor does 
it induce recovery from pyrethrin poisoning, when lightly dusted on the insects 
or when these are allowed to crawl in the dust. 

(3) The above results become of general significance in terms of competition 
between the surfaces of a dust and the bound lipo-protein framework of the 
epicuticle for the labile lipid components in which the pj^Trethrins are dissolved 
and presented to the peripheral nervous system. 

In the system 

epicuticle 

Dust surface pyrethrins peripheral nerve endings 

mobile lipids 

the adsorption displacement of mobile lipid and p3nrethrins is initiated by contact 
of the cuticle with the dry surfaces of the dust. Recovery does not take place 
if the dust is wet or if the paralysed insect is rotated at an air-water interface. 
If a paralysed insect is coated with a thin Isiyev of alumina or silica dust and 
exposed to an increasing degree of humidity, recovery is only slightly delayed 
at relative humidities within the range 40 %-7o %. Within this range there 
is roughly a linear relationship between humidity and sorption of water by the 
dust. Recovery is either partial, or does not occur at humidities above 90 % 
or at saturation vapour pressures, when capillary condensation of water on the 
dust surfaces is a limiting factor. 

In the above system the storage capacity of the thin layer of dust for pyrethrins 
is small. The following reversible sequence of events occurs when a paralysed 
insect coated with such a thin layer of dust is exposed to an alternation of 
humidity conditions. At low humidities (40 % ; 20® c.) the Tmebno beetle 
recovers ; if the humidity is raised to saturation point, the insect becomes 
paralysed once more. When the humidity is low^ered, the insect recovers. The 
sequence is, in fact, reversible, provided that the dosage of p3?Tethrms is adjusted 
so that the internal concentration at the central nervous system does not b^ome 
a limiting factor. For example, if the beetles are paralysed by internal injection 
of pyrethrins, desiccating dusts exert no " antidote ” action, even when dry. 

From these simple experiments it is permissible to conclude that even with 
hard waxy cuticles, an adsorption displacement of labile lipid may be the primary 
cause of an increase in the rate of water loss through the cuticle. TMs leads 
to an associated outward displacement of oil-soluble insecticide which is stored 
in the lipids. We should also expect that water-soluble insecticides would 

Hurst, Trans. Faraday Soc.^ i943. 39 * 39<>- 
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pass more readily through the cuticle after adsorption displacement of mobile 
lipid by the dust. In Fig. of my contribution to this Discussion, I have 
shown that the waxy cuticle of a freshly moulted Tenebrto larva becomes 
permeable to catechol in aqueous solution after treatment with alumina The 
pattern of tanning is identical to that in the normal hardened cuticle, and there 
are no local abrasion marks. Here we have a displacement of labile lipid from a 
structural protein and associated phenoloxidase in the same way as there is a 
displacement of protective lipid from the peripheral nerve endings in the adult 
after treatment with alumina. These conclusions support Dr. Wigglesworth’s 
observation that the activity of an aqueous solution of nicotine is increased after 
the cuticle is treated with a dust. The action is not due to mechanical abrasion, 
but to an exposure of the hydrated protein phase to the insecticide. Dr. Wiggles- 
worth's experiments with the rotenone-^umina systems are less conclusive. 
He points out that normal insects were unaffected by dry powdered rotenone 
(90 %) at the end of 3 weeks ; those rubbed with alumina dust before applica¬ 
tion of rotenone showed weakness in 8 hr. and were dead in less than 24 hr. 
In Table II of this original paper. Dr. Wigglesworth records that 5th stage nymphs 
of Rhodmus lose 46*5 % of the original body weight after treatment with alumina 
dust alone within 24 It is not clear, therefore, whether the lethal action 
in the insect treated with alumina and rotenone, is due to the alumina alone, 
or to the combined action of the components. 

Dr. Wigglesworth has inferred from his experiments that the activity of 
insecticidal powders may be enhanced if an abrasive dust is incorporated with the 
filler, but he has produced no direct evidence in support of this conclusion. 
It is of interest to see whether we can foretell the probable action of a desiccating 
dust which is added to an impregnated pyrethrum powder. 

In the system: 

Epicuticle 

dust pyrethrin mobile peripheral 

surface film lipids nerve endings 

(^ 1 ) ip) (0 («) 


where a fine dust is impregnated with a deposit (p) of pyrethrins, and 
uniformly distributed over the surface of the cuticle of an insect, the biological 
activity of (p) depends on the uptake and storage of {p) in the mobile lipids 
(J) and on the accessibihty of this mixed lipid-pyrethrin ** phase ” to the peri¬ 
pheral nerve endings {n). Another important factor must be considered ; this 
I is the availability of p37rethrins which are partially immobilised on the dust 
surfaces by adsorption. A Tenebrio adult becomes paralysed within 5-8 min. 

1 when treated with a pyrethrum-chalk powder containing 0-4% pyrethrins, so 
that adsorption of pyrethrins by the dust is not a limiting factor. The chalk 
** filler ” alone exerts no desiccating action on the insect even after prolonged 
contact. If a proportion of a desiccating dust is now mixed with the pyrethrum- 
chalk dust, contact of the desiccating dust component should result in adsorption 
displacement of (/) from the cuticle framework, so that the storage capacity of 
the lipids remaining in the epicuticle framework is decreased. In other words, 
the desiccating component should inhibit and not increase the activity of the 
pyrethrum-chalk dust. This is consistent with experimental observation. If 
20 % alumina is incorporated in a pyrethrum-chalk dust, the effective concentra¬ 
tion of pyrethrins is reduced by a factor of o-8. But the mixed system becomes 
inactive against T&nebrio beetles. That this is not due to a simple diluent action 
of the alumina is shown by two experiments. 

(1) If the mixed system is moistened with water, the beetles become paral3^ed, 
but recover partially or completely after the wato has dried off, 

(2) If 20-40 % chalk filler is added to the pyrethrum-chalk dust the insects 
are still paralysed within 10 min. Here the chalk acts as a simple diluent. 

There is a direct relationship between the antagonistic action of desiccating 
dusts on pyrethmm-dust powders, the antidote action on paralysed insects, 
and the loss of water resulting from adsorption displacement of lipid. This 
relationship does not hold in the presence of water, and the fundamental factor 
involved is clearly a non-specific adsorption of lipid on to the crystalline surfaces 
of the dust. The evidence produced by Dr. Wigglesworth that “ abrasive 
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action indicates a mechanical destruction of the superficial wax layer in the same 
way as abrasion with emery cloth results m a destruction of the layer is subject 
to criticism. An abrasive dust produces no visible sign of abrasion on the 
cuticle surface, a fact noted by Dr. Wigglesworth.* It is the inner epidermal 
cells which react as if they are “ wounded.” Coarse abrasion marks are seen 
after rubbing the surface of the cuticle ^vith emery cloth. These may also be 
obtained if the surface of the emery cloth is wetted with water, and an insect 
treated in this way dies from desiccation. A wet dust is inactive ; neither does 
fine emery powder sprinkled on to an insect show appreciable abrasive or desic¬ 
cating action. The true significance of the results obtained by the “ abrasive ” 
action of a dust lies in the implication that the adsorbed lipids are removed from 
the cuticle at the points of contact of the dust surfaces with the waxy layer. 
These lipids are not mobile on the dry dust surfaces to an appreciable degree. 
The inactivity of a wet dust shows that the asymmetrical field of forces resident 
at an air-water interface is insufficient to induce a reorientation and displacement 
of lipid from the cuticle, except at critical temperatures at which the mutual 
association between the labile lipids and the bound lipo-protein framework of 
the epicuticle is no longer a limiting factor in the competitive systems. 

Dr. H. Hurst {Canibridge) said : Dr. Wigglesworth has described in detail 
the actions of dusts, detergents, such as sodium cetyl sulphate, and fat solvents 
such as chloroform on the permeability of the insect cuticle.® Permeability is 
measured in relation to the rate of evaporation of water through the cuticle. This 
rate is increased by all the reagents used and is attributed to an increase in 
permeability of the protective wax layer. Dr. Beament has shown that the 
permeability of waxed membranes is increased by similar treatments, and this 
is taken to be critical evidence that the structure of insect cuticle is analogous 
to the simple membrane systems.® I should like to refer to some experiments 
which I have carried out on insects with waxy and non-waxy types of cuticles. 
These experiments indicate that there are, in fact, fundamental differences 
between the mode of actions of a dust, a soap, and a fat solvent in relation to 
cuticle permeability. 

With regard to the mode of action of a dust, I have already referred to the use 
of Tejiebrio beetles as test insects. If the cuticle is painted with an alcoholic 
solution of pyrethrins (o*i %) the insects become paralysed within a few minutes. 
The toxic principles obviously penetrate to the peripheral nervous system. 
If a mature Calliphora larva is treated in this way, symptoms of paralysis do not 
develop, but when the apparently normal insect is allowed to remain in contact 
with an untreated Tenehrio beetle, the latter insect becomes paralysed. Clearly 
there is a layer of p3n:ethrins on the surface of the Calliphora cuticle which does 
not penetrate into the bulk framework, but is taken up by the more susceptible 
insect. If the Calliphora larva is now painted with kerosene, or immersed in 
kerosene, paralysis develops in 1-2 min. The adsorbed layer of pyrethrins has 
penetrated through the epicuticle to the peripheral nervous S5rstem, This must be 
attributed to the presence of kerosene in the cuticle framework, or to a swelling 
action of kerosene on the lipid components. An aqueous solution of a soap, 
such as sodium cetyl alcohol, does not induce the penetration of pyrethrins 
through the cuticle. A dust, such as alumina or silica, has the reverse action 
and displaces the adsorbed layer from the cuticle. 

Further evidence for a swelling action of kerosene on the lipids is given by 
comparison with a rubber membrane system. A thin rubber membrane, of the 
type used in toy balloons, is stretched over one end of a glass tube open at both 
ends. Tenehrio beetles are used as biological ” indicators ” for measuring the 
rate of passage of p3rrethrins through the membrane. Two or three beetles are 
placed in the tube so that they waJk on the internal rubber surface. The outer 
exposed rubber surface is painted with an alcoholic solution (0*5%) p3nrethrins. 
Even after exposure to the internal rubber surface for several hours, the beetles 
remain normal. When the outer surface of the rubber is painted with kerosene, 
the rubber membrane swells slightly, and within 10-20 min., the insects show 
marked signs of p3nnthrm paralysis and are completely paralysed shortly after¬ 
wards. As with the living insect, a dust or aqueous soap solution does not induce 
the penetration of pyrethrins through the rubber membrane. 
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These experiments distinguish between the action of kerosene in increasing the 
permeability of the cuticle to pyxethrins, and the lack of sensitising ejffect shown 
by a dust and a soap. We can readily distinguish between the action of a dust 
and a soap in the following way. Tenebrio beetles are paralysed by contact with 
a him of pyrethrins on glass. I have already described experiments 'which show 
that treatment of the paralysed insects with alumina induces an outward adsorp¬ 
tion displacement of lipid from the epicuticle framework resulting in the recovery 
of the insect. No recovery takes place when the insects are painted with an 
aqueous dispersion of sodium cetyl sulphate (5%), an aqueous dispersion of 
sodium oleate, or a thin film of lecithin. 

It would appear that a common factor in the actions of a dust, a detergent, 
and a fat solvent is an increase in cuticle permeability to water, and the analogy 
with the waxed membrane systems is based entirely on irreversible increases in 
permeability, which can clearly be brought about by abrasive action, adsorption, 
detergent action or simple destruction of the layer by solution in fat solvents. 
It is only when we consider the properties of the lipids in relation to the passage 
of substances from outside into the insect, or when the penetrating substance 
remains immobilised or adsorbed in the cuticle, that more dynamic relationships 
between the structure, permeability, storage capacity, and association of the 
lipids with the supporting cuticle framework become apparent. The experiments 
which I have used to illustrate some of the principles outlined emphasise a point 
vrhich is perhaps of particular significance in a general Discussion of this kind. 
It is the selection of biological material which guides the biologist in his attempts 
to elucidate biophysical principles. And it is the anomalous or aberrant biological 
systems which enable the biologist to select his biophysical principles. 

Mr. R. Pal (Loiidon) said : I have been interested for some time in the wetting 
properties of insect cuticle and the factors concerned. The magmtude of the 
contact angle of a spray liquid is one of the major factors aflecting the amount 
retained on an insect surface. When the contact angle is high, the droplet is 
nearly spherical and is likely to roll off the surface. On the other hand, when 
the contact angle is low, the drop has a larger area of contact and is therefore 
more stable and as a result more liquid is retained on the surface. 

The measurements of contact angles of droplets at rest on a solid surface 'will 
give little indication of the beha\iour when sprayed. The application of a spray 
is a dynamic process, during which the drops impact on the surface with a force 
and surfaces and interfaces are constantly being changed. The measurement 
of ** static ” angles of contact are therefore not an accurate criterion of the 
wetting and spreading ability of a liquid under the “ dynamic conditions 
existing when a spray is being applied.^® 

Thus there are two aspects of the problem to be considered: 

(1) a new concept of contact angles under static ” and "dynamic ” con¬ 
ditions, and 

(2) the effect of impact force on the wetting and spreading of spray droplets. 

(1) If we consider the advancing contact angle of drops of a liquid (a) when 
allowed to impact on a surface from a spray under considerable pressure, 
and (b) advancing over the surface when being continuously fed by a fine capillary 
tube. The contact angles will be different, although in both cases advancing 
contact angles will be obtained. On hitting the solid surface the droplet \rfll 
spread out, due to mere force of impact, and give different values of advancing 
contact angle provided the drop has not commenced to recede. We have thus two 
different values of advancing contact angles for the same liquid on -the same 
surface. 

It -will be clear, -therefore, that in the study of insecticides we have to consider 
the dynamic contact angles of impinging droplets as opposed to static contact 
angles of drops involving no kinetic energy. 

(2) The effect of impact force on the wetting and spreading of spray droplets 
was studied by allowing spray droplets of distilled water to impact on a standard 
beeswax surface. Simul-^ineous measurements of contact angles and the force 
of impact involved were measured. The folio-wing results were obtained. 

Ben Amtoz and Hoskins. J. 'Been, Entom,, 1937, 3 ®* ^ 79 * 
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Contact angle of 
impmging droplets : 

Advancing Contact Angle 

1 

Involving no 
Force of Impact. 

When applied 1 
as a Coarse ! 
1 Spray. i 

VTien applied 
as a Fine 
Spray. 

101° 

> 100® 1 101° 

Average drop size (diam ) .. 
Force of impact in ergs. .. 

3 mm. 1 0*5 mm. 

0 i* 3 - 3‘3 

o-i mm 

0*00019-0-035 


From these figures it is e\'ident that the contact angle of drops used in insecti¬ 
cidal spray (o*i to 0-5 mm ) are not influenced by force of impact. When, however, 
drops of distilled water of larger size (5 mm. diam) were allovred to fall from 
a capillary tube on to a standard beeswax surface from heights varying from 
5 to 20 cm , there was a reduction in the magnitude of advancing contact angles. 

In the spraying of plants 
or other surfaces where very 
coarse sprays are used, this 
phenomenon may be of con¬ 
siderable practical value. On 
incorporating adhesives in 
sprays the drops will on 
impact spread out over a 
larger area, thus not only 
wdll each drop cover a larger 
area, but will be retained on 
the surface thus increasing the total amount of spray deposit. 

The second problem is concerned with the wetting properties of insect hairs.* 
I have been successful in measuring the contact angles formed by water and other 
liquids on these fine structures. The results obtained are summarized in Table I. 

Both aqueous and oil sprays form finite angles. Distilled water formed an 
angle of 97*3°, methyl phthalate 52*8°, white oil 42*7° and odourless distillate 
28*5° 


Drops allowed to Impact 
from a height of 

o cm. 

5 cm. 

10 cm. 

15 cm. 

20 cm. 


Average Contact 
Angle m Degrees. 

lOI 

95 

94 

95 
95 


Table I.— Contact Angles in Degrees of Various Liquids when 
Applied to Hairs of Arctia caja L, 


Advancing 

1 Angle. 

Receding 

Angle. 

Distilled water 


97*3 

90*2 

Odourless distillate .. 


28*5 ±1*0 

25*3io*8 

Kerosene, non-aromatic 


36*1 ±0*7 

31*0 ±0-8 

„ low aromatic 


33 -8 ±i-o 


„ high aromatic 


32‘6±i*o 

*8*7 ±0-9 

Spray oil 


29-7 ±0-7 

25-9±o-7 

Shell A 12 


35 -8 ±i-o 

3I-2±l-2 

Shell KB 30 .. 


39 -odzi-o 

247 ±0-9 

P31 (White oil) 


1 42 * 7 ±i*o 

38-2±i-i 

Malariol 

•. 1 

41*1 ±1*01 

33*1 ±1-0 

Olive oil 


3I*6±o-78 

28-o±o-8 

Methyl phthalate 


52*8 ±2-0 

47 - 5 ±i -5 


The cuticle of most insects is covered by scales and hairs and they determine to a 
large extent the behaviour of spray droplets when applied to insects. Tests 
were made on tiger moth larvae {Arctia caja L,) whose relatively large hairs are 
easy to manipulate. The wetting of hairs of caterpillars does not give any 
indication of what happens on other insects but th^e studies were designed 
to obtain some tentative information about the wetting properties of &ese 
structures. 
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Dr. J. W. L. Beament {Cambridge) said: The breakdown in the water-proofing 
of the grasshopper egg involves only a small (hydropyle) area of the egg-shell. 
It may be noted that, towards the end of embryonic development (Beament 
1948), the Rhodmtis embryo secretes a fluid capable of removing (possibly as a 
fine emulsion) a wax from the inside of the shell layers. An insect embryo may 
verj’’ well be capable of de-waterproofing part of its shell by its own activities. 

Dr. Slifer suggests that minute cracks may appear in the wax layer at low 
temperatures. It is at least certain that mechanical distortion of some egg¬ 
shells will cause cracks to appear in wax layers which, therefore, become more 
permeable. On the other hand, where adult insects swell, e.g. by taking a large 
meal of blood, there is no evidence to show that this occasions an increased 
permeability of the wax layer on the cuticle. 

Mr, R, Pal {Lo^idm) said ; I have chanced to make an observation, at present 
unexplained, which may throw light on the penetration of liquid-water through 
insect cuticle.^® 

» The leg of cockroach {Periplaneta amencana) is transparent, and it is easy to 
observe the main trachea through the cuticle. If a drop of water is placed on the 
exterior of the leg, over this trachea, minute droplets appear almost immediately 
in the trachea. In all cases the droplets only appear in the length of the trachea 
covered by the drop on the cuticle. These droplets later co^esce, and if the 
water drop on the outside of the leg is allowed to evaporate they eventually also 
disappear. The droplets do not wet the intima of the trachea and are judged 
to consist mainly of water. 

The droplets which form in the trachea do not appear to be due to cooling or 
condensation of water vapours in the trachea, as a result of evaporation of the 
drop on the surface. Nor it appears, is it due to any osmotic effect. This 
phenomenon might be due to penetration of liquid-water through the cuticle, if 
one could postulate such a possibility. 

The cuticle of Rhodnius is also transparent and it is easy to observe the dorsal 
abdominal trachea, and similar droplets can be produced by applying water 
externally. 

Dr, T. Swarbrick {JThc Hague) said : Several speakers have mentioned the 
use of paraffin in their experiments. Great care is necessary in drawing anything 
other than limited conclusions from these experiments since hydrocarbon oils 
of petroleum origin may vary considerably in their molecular species, although 
they may conform to the same standards as regards viscosity, boiling range and 
unsulphonatable mineral residue. Such oils may have very different “ spreading 
pressures,'' so that on a standard surface they spread at different rates and to 
different degrees. It is also known that the presence of small amounts of 
impurities, particularly if these are strongly polar, will modify the spreading 
pressure of the oil on a water surface. This fact is now used as a basis for the 
production of high-spreading antimalarial oils which can be used at very low 
dosage per acre of water surface, because they spread out into such relatively 
thm films. 

Dr. V. B. Wigglesworth {Cambridge) {commtmicafed) ; Dr. Crisp in his paper 
has raised the question of the mechanism by which air first appears in the plastron. 
This is the same problem as the first appearance of air in the tracheal system, 
which may occur in some aquatic insects while they are still submerged. This 
probably takes place at the time when the waxy lining of the tubes is secreted 
and the adhesion of water so reduced that gases are liberated from solution. 
In discussing this problem in an earlier publication reference was made to a 
simple experiment devised by Prof. N. K. Adam. Ordinary tap water is allowed 
to stand in two beakers, one thoroughly freed from grease with chromic acid, the 
other lined with paraffin wax. Bubbles of gas are soon liberated in the waxed 
beaker (at room temperature and atmospheric pressure) but not in the clean 
beaker. 

Dr. W. H. Thorpe (Cambridge) said; On the screen are shown some ultra¬ 
violet photomicrogiaphs of sections of the plastron bearing cuticle of the aquatic 


Pal, NtOure, 1947,159, 400. 

Sikes and Wigglesworth, Quart. /. Micro. Sd., 1931, 74, 165. 
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insect Aphelocheirus cesiivalis. These photographs have already been published. 
This technique was employed merely to pro\T[de mcreased resolving power and 
thus enable more accurate measurement of minute cuticular hairs than is possible 
by the ordinary light microscopy. It was found incidentally, however, to reveal 
structures in the epicuticle which could not be observed by any other method 
and it seems that the technique may prove a useful one for cuticular studies 
generally. It will be seen that the plastron hairs are apparently continuations 
of structures within the exocuticle. These “ roots ” are seen to pass through 
several horizontal layers five or six of which appear to constitute the epicuticle 
and, with increased exposure, others are faintly visible in the outer region of the 
exocuticle. Little is known of the physical properties or chemical nature of 
the epicuticle of this insect but the fact that these structures absorb ultra¬ 
violet radiation more strongly than their surroundings suggests a protein frame¬ 
work. It will be seen that very sup)erficially these photographs present a picture 
recalling the mosaic structure postulated by Dr. Hurst; though the layers are 
obviously much too thick (i/zojjt, 400A.) to be identified with Hurst’s lamellae 
Neither can they represent the four layers of epicuticle postulated by Dr. Wiggles- 
worth. It seems therefore that these photographs cannot be regarded as giving 
any detailed support for either of the two main viewpoints represented in this 
Discussion. But even though the layers are not identifiable with any hitherto- 
recognised lamellae, they do indicate the reality of some kind of transverse 
orientation and the technique may eventually provide a clue for the further 
elucidation of cuticular structure, and it may eventually prove possible to 
correlate the facts here given mth some extention or development of existing 
theories. 


Plate 6, Thorpe and Crisp, /. Expt. Biol,, 1947, 24, 227. 


IV* PERMEABILITY TO WATER AND WATER VAPOUR OF 
TEXTILES AND OTHER FIBROUS MATERIALS 

Introductory Paper 

By a. B. D. Cassie 
Received z^rd March, 1948 

Three problems are covered in the papers of this section: the dMusion 
of a temperature or water-vapour concentration change through a porous 
and absorbing material, the steady diSusion of water through the same 
material, and finally the penetration of liquid water through the pores. 
They are all very much classical physics problems, and their recent serious 
discussion is due to their technic^ importance for such everyday materials 
as textiles, leather, and wood. 

The diffusion of temperature or water-vapour concentration changes occurs 
in the processing of any water-absorbing material, and in the use of clothing 
made from hygroscopic fibres.^ Theoretical discussion of this problem was 
much retarded by the general impression that water required a considerable 
time to diffuse from the surface to the interior of a fibre, and when it was 
shown that this time was so small that fibres could alwa5’’s be regarded as in 
equilibrium with the air immediatdy surroimding them,* progress became 
rapid and easy. This result provides the essential link that makes the theory 
manageable; for it means that the large weight of water absorbed by the 

^ Cassie, J, Text, Inst,, 1940, 31, T17. 

* King and Cassie, Trans, Faraday Soc,, 1940,36,445, 
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fibres is available to control the water-vapour content of the atmosphere 
around the fibres ; or the water content of the fibres controls the conditions 
of diffusion. During any short interval in the diffusion, the moisture content 
of the fibres may be taien as constant, and this imposes the condition that 
the relative humidity of the air in the interstices between the fibres must 
remain constant. Suppose then, that the change is a decrease in temperature ; 
this tends to increase the relative humidity, and the fibres absorb water 
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Fig. I.—DifiFusion ot temperature change through cotton. 



vapoTir tending to maintain the constant relative hnmidity; in absorbing 
■water vapour, the fibres evolve heat of absorption which tends to de<-rease 
the •temperature change. The absorption of water vapour must be suf&cient 
to give a decrease of -vapour pressure which -with the check in the drop of 
temperature maintains a constant relative humidity in the air. It is the 
mamtenance of constant relative humidity that gives the very close coupling 
of temperature and water vapour which is discussed in Dr. Henry’s papa^ 
The mccess of this theory and of the correqwnding theory for an Eorced 
mechamcally through a mass of fibre is shown in Fig. i and 2. In both 
examples the mass of fibre was in the form of a cylinder, and a change of 
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air temperature, without change of water-vapour concentration outside the 
cylinder was followed at the centre of the cylinder. The experimental curve 
of Fig. 2 was obtained by forcing air mechanically from the outside of the 
cylinder through the fibres to a central porous tube which enabled the air 
to escape. Theory ® and experiment agree rather better for the mechanical 
movement of air than for the case of pure diSusion ; the observed temperature 
change for pure diffusion occurs more slowly than that predicted by theory. 
This discrepancy might be due to neglecting the time for diffusion from the 
surface to the interior of the fibres, but if this were true, an even larger 
difference between theory and experiment would be expected for air forced 
mechanically tlirough the cylinder where the time scde of the process is 
much shorter. The discrepancy for the case of diffusion is much more likely 
to be due to the use of incorrect diffusion and diffusivity coefficients; the 
values used were those for air, and the papers by Dr. Conmar Robinson 
et al. and by Dr. Stamm show that much more complex diffusion coefficients 
should have been used. 

It might be possible to find a better fit of the curves of Fig. i by adjusting 
the difcsion coefficients, and at the same time obtain estimates of their 
true values, but much more reliable values axe obtained from measurements 
of steady-state diffusion, such as are given by Robinson et al. and by Stamm. 
The interpretation of diffusion coefficients for absorbing materials is, however, 
very complex as may be judged from Stamm’s work. Robinson et al. assume 
that the diffusion is entirely through the air spaces between the fibrils and 
this simple interpretation appears to be reasonably complete for leather. 
Pierce, Rees and Ogden, ^ and Baxter ® have made similar measurements for 
textile materials and they find that diffusion through the water-absorbing 
fibres cannot be neglected. The problem is then to find an expression for the 
overall diffusion coefficient of a heterogeneous material. The same problem 
arises in heat conduction through heterogeneous materials, and ^though 
it has been discussed since the time of Stefan, no wholly satisfactory expres¬ 
sion has been given. Baxter ® has examined various formulae that have been 
proposed for heat conduction, and so far as textiles are concerned, he finds 
that both heat and water-vapour diffusion data are best represented by 
Stefan’s formula, which for diffusion coefficients may be written : 

D == 0*33(£>aFa + DfVf) + . . (l) 

where D is the overall diffusion coefficient for a heterogeneous material 
with fractional volumes Va and Vf with diffusion coefficients Da and Df 
respectively. Eqn. (i) is derived by assuming that the components are 
divided into slabs, one third of which lie parallel to the direction of diffusion, 
and two thirds normal to this direction. 

When applied to measurements on wool fabrics, this equation gives 
values of Dj that are m reasonable agreement with those obtained from 
diffusion measurements for horn, which is closely similar to the material of 
wool fibres. Fig. 3 shows some empirical data together with curves for 
eqn. (i) and for Penman's relation ®: 

D = o-6yDaS, . (2) 

where S is the porosity of the material. Penman's relation does not apply 
at bulk densities less than 0-4 g./cc. for wool, and few wool fabrics exceed 

® Daniels, Trans. Faraday Soc., 1941, 37, 506, 

^ Pierce, Rees, and Ogden, /. Text, Inst., 1945, 36, T169. 

® Baxter, J. Textile Inst., 1946, 37. T39. 

« Penman, J. Agric. Sci., 1940, 30, 437. 
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this density. It is worth noting, however, that Penman's relation and 
eqn. (i) do not difEer very greatly in the range of bulk densities 0*4 to i-o g./cc. 
Robinson's data are for bulk densities entirely within this range, and 

they would presumably fit either 
relation. 

The third question raised in 
the papers of this section is that 
of penetration of liquid water 
through pores. There is a little 
known geometrical theorem that 
has much bearing on this problem 
for textiles, and it is probably 
worth while drawing attention 
to it. A proof has been given 
previously. ® The theorem states 
that the minimum radius of 
curvature R, of a circle which 
intersects two circles of radius r 
FtG. 3. — ^Density against diffusion coefficient. with centres z d) apart so 

that the tangents at the points 
of intersection make an angle 0, is given by: 



R = r cos 6 + V(^ + sin®0 


The importance of this theorem may be seen from Fig. 4. If A and B are 
two cylinders, such as textile fibres or yams, and water is forced between 
the two cylinders in the downward direction, the pressure required for 
penetration will be given by y/R, where y is the surface tension of water, 
and 6 in eqn. (3) is file advancing contact angle, 0 a, for the cylinder surface 
and water. If a square pore is under consideration, the penetration pressure 
will be zyjR. 

The penetration pressure given by 
these relations is quite different from 
that obtained by file usual procedure 
of regarding the pore as a cylindrical 
capillary; in particular, there is no 
change in sign of the penetration pres¬ 
sure as the contact angle passes through 
90® so that this angle does not divide 
file cylinders into wettable and water- 
repeflent systems. The penetration 
pressure is, in fact, positive for any finite contact angle and a wettable textile 
fabric must have a fibre-water advancing contact angle that is zero. 

In view of this deduction, it may seem surprising that the data given in 
Baxtell, Purcell, and Dodd's paper appear consistent, for they have regarded 
the pores between yams as cylindric^ capillaries. Their results are consistent 
because the contact angles for Finol and alcohol are zero, and the maximum 
air pressure required to expel the liquid will be zyjd for a square pore. 

The large values and apparent ins^cisitivity of the yam contact angles 
given by BarteU et al, are due to the pronounced effect of yam structure 
on this angle; in fact, if the fibre-water contact angle is finite, the yam 
and water contact angle is usually large because of the high porosity of 
yams, and the observed values are characteristic of the yam stmcture rather 
than of the fibre-water contact angle. It follows, therefore, that comparable 



’ Baxter and Cassle, J, Text. Inst., 1945, 36, T81. 
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cloths which must have comparable yarns, will show similar yarn-water 
contact angles, provided that all the fibres have finite contact angles. 

This aspect of the water repellency of textiles is very similar to the 
phenomena discussed by Robinson et aL for leather; they also discuss the 
problem of receding contact angles and their conclusions are immediately 
applicable to textiles. The decay of the receding contact angle on exposure 
to water is the factor that ultimately determines the rain resistance of 
fabrics, and although a large advancing contact angle usually injphes a slow 
decay of receding angle, the two do not necessarily follow one another. 


THE DIFFUSION OF MOISTURE AND HEAT THROUGH 

TEXTILES 

By P. S. H. Henry 

Received 1 st March, 1948 

The General Case 

In a previous paper by the author,^ it was shown that whenever moisture 
diffuses through a porous absorbent body the thermal efiects accompanjtog 
the process result in a coupled diffusion of moisture and heat which is 
mathematically analogous in many respects to a pair of coupled vibrations. 
Somewhat siniilar phenomena were described in a set of three papers by 
Cassie and others,® though they were concerned not so much with dLffusion 
as with the flow of air through a porous body imder the influence of a pressure 
gradient, and the resulting transfer of heat and moisture. All papers had 
textile materials in view, but the treatment would apply to any inhomo¬ 
geneous absorbent material. 

In the author's paper it was shown that the combined diffusion processes 
can be considered mathematically as equivalent to the independent diflusion 
of two quantities, each of which is a linear function of both vapour concen¬ 
tration and temperature. These quantities correspond to die ''normal 
co-ordinates " of the well-known coupled vibration problem. The diffusion 
constants appropriate to these quantities are always such that one is greater 
and the other less than either of the diflusion constants which would be 
observed for the moisture and heat, were these not coupled by the inter¬ 
action. The slower diflusion constant can never, however, become less than 
half the " isothermal" diffusion constant for moisture [D), or the " constant- 
vapour concentration" diffusion coefficient for heat (I>), whichever is 
the less. 

The coefficient for the faster "normal co-ordinate'' may be many times 
either D or D, and may approach the " adiabatic ” diflusion coefficient 
for moisture (D'), or the " no vapour diffusion " coefficient for heat (D'), 
whichever is the faster. The diffusion constants D, D', D, were defin^ 
in the author's paper mentioned above. Since in practice it is not possible 
to prevent interaction between the thermal and vapour diffusions, th^ 
constants cannot be measured directly, but they enter into the theory which 
is required to predict how the combined diflusion will be affected by various 
circumstances. 


1 Henry, Proc. Roy. Soe. A, i939» ^^5- 

• Cassie, King, and Baxter, Trans. Faraday Soc., 1940, 36, 445, 453, 458. 
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The diKusion of the normal co-ordinates cannot be observed directly, 
but could be deduced from measurements of vapour concentration and 
temperature at various points and times. If interest is centred on the 
diftusion of moisture it appears as if the latter can be divided into two parts 
which diffuse independently at different rates. 


Diffusion Rates 

In eqn. (22) of the paper referred to, it is shown that if the diffusion 
coefficients of the two normal functions are written and i^^n 

and sire the roots of the equation. 



where X and v are certain constants expressing the degree of coupling (see 
the last half of this paper). If we write = Di and 
order to preserve the representation of a diffusion coefficient by the letter D, 
and if we define Dj as that root which tends towards D as the coupling 
(as measured by Xv) tends to zero, and Dg as that which tends towards D, 
then we have 


^ D + D +V(^>--D)® + 4Aj'I>D 

n _ _ zDD 

* jD + D--v/{J5--D)® + 4A»-PD 

If we put ^ these can be written 


_ 

2 

D 

«« + I + Vli — + +tXv 

D, _ 

2 

D 

u + z — V(i — «)2 + +iXv 


(2) 

(3> 


(4) 

(5) 


Fig. I shows a nomogram for solving both these relations. If a straight line 
(such as a stretched thread) be placed so as to cut the two straight scales at 
the appropriate values for u and Xv, then the points at which it cuts the 
circular scale give DJD and DJD respectively. To find DJD and DJD 
it is merely necessary to use ijum place of u. It is usually convenient to 
express in terms of D and Dg in terms of D. 


If the coupling is weak—^i.e., if Av is small compared with unity—^then 


I 

^1 


I , Av I 

D D-D D 


3SXV 0 


( 6 ) 




I Xv 

D D-D 


D 


asXv -*-0 


(7) 


SO that Dj and Dg tend towards D and D respectively as the coupling tends 
to zero. 

If however the coup!^ is strong—^i.e., Xv is nearly equal to unity, as 
happens in many applications to textile materials—we get the following 
approximations. 




DD 
D + D 


+ (i — Xv) 


D*D» 

w+w 


DD 
D + D 


as I — Av -»• 0 


( 8 ) 


and D, 


D + D 
1 — Xv 


DD 
D + D 


. D + D 

I — Xv 


as I — Av ->■ 0 


(9) 
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The approximations (8), (9), and one or other of (6) and (7) also hold if D 
and D are of widely different magnitudes whatever the value of Xv, 
Approximation (8) may be written 

^ asi — Av“>o . . . (10) 

It will be seen that is always rather less than whichever is the smaller 
of D and D, and is more nearly equal to one or other of these the greater 
is the disparity between D and D. If the latter are equal, is equal to 
half of either of them, this being the greatest divergence possible. 



Eqn. {16) of the author’s original paper shows that (i — Xv) is equal 
to the ratio between the isothermal and adiabatic diffusion coefficients 
for the vapour, and also to the ratio between the " constant-vapour con¬ 
centration” and "no vapour diffusion” coefficient for the diffusion of 
heat. Hence approximation (9) can be written 

+ D' as 1 —Xv . • . (ii) 

Thus if D' and D' are widely different approximates to either the 
adiabatic vapour diffusion coefficient or the " no vapour diffusion ” thermal 
diffusion coefficient, whichever is the greater. When D' and D' are com¬ 
parable, I>2 is greater than either, showing that the second "normal 
function ” (Effuses faster than either vapour or heat would if the diffusion of 
the other could be stopped. This condusion seems surprising at ^t, but 
we shall see in the next section that a rapid passage through the material 
of a change in C—the concentration of vapour m the pores—does not 
necessarily mean a rapid transference of moisture, but may be produced by 
a change in its distribution as between solid and pore space. The bulk 
of the actual moisture transfer proceeds at the slow rate of the first normal 
function. 
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Amplitudes 

For simplicity let us confine our attention to the diffusion which occurs 
when a body at equilibrium with one set of external conditions is suddenly 
transferred to another set of conditions. Moisture and heat will diffuse 
in or out until the body comes into equilibrium with its new surroundings. 
Further, let us suppose that no change is made in the external temperature, 
only the external humidity being changed. Referring to eqn. (35) of the 
original paper, we can therefore put A^T = 0. Substituting also i/D^ 
and 1/D2 for and respectively, and rearranging, we get for the ratio 
of the change in C at any instant to the equilibrium value of the change: 




Here and axe the functions of position and time appropriate to the 
particular dihusion problem concerned. They differ only in their time- 
scale, since /i and/g assume the diffusion constants and respectively, 
but are otherwise identical. In the case we are considering, both start at 
zero and increase towards unity as the system approaches equilibrium. 

Eqn. (12) can be written 


where 


“ 4 , = 

^ D[D^-Dy 


(13) 


Thus we may consider the diftusion process as consisting of two " waves,'' 
/i and /a, which proceed independently at difierent rates, and whose final 
amplitudes add up to give the value for 2lC necessary for eventual equilibrium. 
Alternatively, especially when_/) is small (as it often is), we may take the right- 
hand form of (13) and consider the process as consisting of a ** main wave," 
/i, which proceeds steadily towards equilibrium, disturbed by the'' temporary 
wave" (/2—/i), which increases to a maximum and then decreases to 
zero again.* 

It vnR be seen from (13) that ^ is a dimensionless quantity that can be 
expressed in terms of the ratios DJD and DJD. Since we have already 
seen that these can be calculated from the value of u {==DID) and of ^ 
only, it follows that p can also be calculated directly from u and kv. In 
fact the relation can be written 


- I)S = 


(« - 

[u — i)® + 4u Xv 


{14) 


A nomogram for calculatii^ p in terms of u and Xv is shown in Fig. 2. It 
will be noticed that the right-hand side of (14) is unaltered if iju is sub¬ 
stituted for w. Hence the scale for u from i to 00 enables all possible values 
of « to be dealt with. It also follows from this symmetry that the same 
numerical value for p can be used for calculating the relative values of the 
two " waves " when it is the external temperature rather than the humidity 
which has been altered. 


* The appropriateness of this latter conception, has been called m question by Cassie 
(loc. cit,), but the author wishes to point out that the division into components of any 
additive phenomenon (such as the simultaneous diffusion of our normal functions) is 
a purely arbitrary proc<^. Any one method of chocking the components is as valid as 
^y other. ^ E xam ples are the resolution of forces into components, which pa-n be done 
in many different ways, and representation of the transmission ffom a broadcasting 
station either as a modulated wave of constant frequency, or as a carrier wave plus side 
bands of different frequencies. 
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In practical problems concerning the diffusion of moisture into, or out 
of, porous bodies it is usually not the value of C, the concentration of vapour 
in tiie pores, which is of interest, but the total amount of moisture, absorbed 
or free, per unit dry mass of the porous body. Since this is affected both 
by C and by the temperature, we cannot use (13) to calculate the progress 
of the diffusion. The appropriate calculation was carried out in the author's 



P 


Fig. 2.—Nomogram for p in terms of u and Xv. 


original paper and the results expressed in eqn. (40) and (42) thereof. The 
latter is in the most convenient form for our purpose, and is a good approxi¬ 
mation for all the more absorbent textiles. Putting AJT ==o in (42), 
therefore, we get, where M is the moisture content of the material, and 
JqM is the final value of the change in it: 

^ " 1 ” 4 ” 4 “ ^ 

or (I 4“«)/j — 


(15) 


where n = 7—;——i -r--;—. 

(i + «)* (i + eco) + « 

Note the negative sign of the secondary wave in this case, indicating an 
initial slowing-down of the moisture transfer. A nomogram for calculating n 
in terms of u and i + aco is shown in Fig. 3. It may be pointed out that, 
under the same conditions, 


I + eco 



(16) 


Application to Cotton 

To illustrate numerical application of the theory we wiU calculate the 
way in which we should expect the rate of diffusion of moisture into, or 
out of, a package of raw cotton to depend upon the temperature and the 
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average humidity during the process. It will be realised that in applying 
a theory like this to a body as complex in structure and properties as a 
cotton package, many approximations have to be made, and the result can 
only be claimed to give the probable order of magnitude of the effects. The 
final test must be that of experiment. None the less, the calculation is worth 
carrying out, quite apart from its theoretical interest, because experimental 
determinations of diffusion rates are usually a lengthy business, and to 
examine thoroughly the combined effects of the three variables—temperature, 
humidity and density—even on one material only, without a theoretical 
background to guide the experiments, would involve more time and labour 
than would be worth while. 



Some effects that we shall be neglecting, amongst others, are the 
following, (i) The non-linear nature of the relation between the amount of 
moisture absorbed by cotton and the concentration of the water vapour in 
equilibiimn with it. (2} The hysteresis in the moisture absorption. (3) The 
change in structure of the material due to swelling as the cotton absorbs 
moisture. 

Fortunatdy, in the case of cotton the first approximation is quite good 
over the middle range of humidities, since the relation is not fax from linear 
between relative humidities of 10 % and 70 % (see Urquhart and Williams ®). 
Outside these limits, the calculations can only be regarded as appl5dng to 
small changes. Neglect of hysteresis is, in practice, a much more serious, 
but unavoidable, source of error. Though plenty of data exist for the moisture 
rdations of cotton that starts in the dry state and absorbs moisture steadily 
tin it reaches 100 % r.h., and also for cotton that starts at 100 % r.h. and 

* Urquhart and Williams, /. TexU Inst., 1924, 15, T559. 
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loses moisture steadily, the author has not seen any published work dealing 
with small humidity cycles except in the case of wool (Speakman ^). It is 
certain that the slopes of the characteristic curves in such cycles may differ 
very greatly from those given by large cycles. The calculations given 
below are based on Urquhart’s data for cotton absorbing moisture and 
starting at the dry state. They must therefore be taken as applying only 
to this case, though there will not be much error in using them for cotton 
that starts damp and is losing moisture, since we shall be concerned only 
with the slope of the characteristic curves. The change in structure due to 
swelling of the cotton fibres does not lend itself to calculation, but would 
probably give rise to serious error only with very dense packages. 

It will be noticed that none of the quantities discussed below, except 
the diffusion coefficients, contains the element of time in their dimensions. 
As a matter of fact, time effects other than those concerned in simple 
diffusion have been ignored in the assumptions made. For instance, the 
rate of attainment of equilibrium of a cotton hair with the water vapour 
immediately surrounding it is supposed to be instantaneous, or at least very 
rapid compared with the other processes concerned. Existing evidence on 
this point is conflicting, but it seems likely that whilst most of the change 
takes place very rapidly, there is a slow iteration produced in the cotton 
itself by changes in humidity which leads to a slow continued uptake or 
loss of moisture over a period of days. If this effect turns out to be of 
importance, the size of the package wUl take more than a purely geometrical 
part in the process. 


Observed Quantities.—Below are listed the experimental data on which 
the calculations to follow are based. The symbols used throughout are 
those of the author's original paper, except that k and q have been sub¬ 
stituted for K and k respectively in order to conform with the Recommended 
List of Symbols. 

Specific properties of cotton, not dependent upon the density of the 
package, are as follows. 

p^, the effective density of the cellulose, reckoned as g. dry cellulose 
per cc. of space occupied by the cotton hairs. According to Davidson,® 
the apparent specific volumes of cotton cellulose in toluene and in water 
are of the order 0*63 and 0-623 cc./g. respectively. This difference of about 
4 % can be neglected for our purposes, and we will take the volume of the 
moist cellulose to be the sum of those of the dry cellulose and of the water. 
Accordingly, if M g. water are absorbed by i g. cellulose, we can take 

Ps = 1/ (0*63 + M) in g./cm.« . . . (17) 


D* is the diffusion coefficient for water vapour through air. In I.C.T., 
it is given as 0-220 (— j cm.^/sec. at an atmospheric pressure of 


760 mm. Hg. 


(T, defined as , is the rate at which the moisture content of the 

cotton (expressed as a fraction of the dry weight) increases as the concen¬ 
tration of water vapour in equilibrium with it rises, the temperature 

^ f \ 

remaining constant. It can be shown that it is equal to \ br)* 

where M is the mean molecular weight of water vapour under ffie given 


* Speakman, /. Text. Inst., 1936, 27, T183, 

* Davidson, /. Inst., 1927,18, T175. 
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conditions, in g./mole; Pq is the equilibrium vapour pressure of water at 
r%. m mm. Hg.; and r is the r.h. expressed as a fraction (i.e., not as a 

percentage). Values for were obtained from the results of 

\ IT 

Urquhaxt and Williams.® Fig. 4 shows a in cm.®/g. plotted logarithmically 
against r.h. for various temperatures. 

6>, defined as — ^ which the moisture content of 

the cotton decreases as die temperature increases, the concentration of the 
vapour remaining constant. This quantity, also, can be obtained from the 



data of Urquhart and Williams.® It can be shown that o is eoual to 
MrP^a fdlog(P/r)l ^ . ... 

** ~SS^ \ ^ (i/T) ’ J ' IS ^ convement form because 

Urquhart and Wi l liam s plot log {PjT) against i/T, getting straight lines 
whose slope is easily measured. Fig. 5 shows to, in units of ° cr\ plotted 
logarithmically against temperature for various relative humidities. The 
reason for changii^ round the co-ordinates between Fig. 4 and 5 is that a 
is strongly dep^dent upon temperature, and 0 upon relative humidity. 
Were the co-ordinates not changed round, one or other set of curves would be 
inconveniently steep and crowded. 

Cf the specific heat of the moist cotton, in cal. per degree per g. of diy 
cellulose. For lack of better information we will assume the value 0*32 
given for (dry ?) cellulose in the textile section of I.C.T. to be 
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correct for dry cotton. There exist more reliable data on the specific heat 
of water absorbed by cellulose in the form of bleached sulphite pulp.® The 
average value between the range of moisture regains of 2 % and 12 %, and 
between temperatures of 5° c. and 20° c., was 1-09 cal./® c./g. These workers 
do not quote a value for the cellulose. Taking, then, this mean value for 
the water, and assuming that the heat capacities of water and cellulose are 
additive, we get for the specific heat of moist cellulose per g. of dry cotton 

c = 0-32 + 1*09 M in cal./° c./g. . . . {18) 

q, the heat given out when i g. water vapour is absorbed by a large 
quantity of cotton containing a given initial proportion of moisture. Fig. 6 



shows q for scoured and bleached cotton in cal./g. of water vapour, plotted 
against the r.h. at which the cotton is in equilibrium when absorbing moisture, 
for a temperature of 25® c. The data were obtained from a paper by Rees,’ 
and the viues for r.h.'s from 0 % to 65 % were the result of direct experiment, 
whilst those for higher humidities were obtained by calculation from the 
absorption isotherms of Urquhart and Williams. Rees’s figures were for 
the heat of absorption from the liquid. To these were added the latent heat 
of condensation of water at 25® c. It is evident that q wiU vary with tem¬ 
perature. The variation of the heat of absorption from the liquid could be 
calculated from the specific heats of free water and of the bound water if 
the absorption were reversible. To this could be added the known tem¬ 
perature variation in the latent heat of condensation of water. The 

« Shipley, CampbeU ajid Maass, Can. J. JRes. B, 1939, 40. 

’ Rees, ShM^ Inst. Memoirs, 1947, 333 ; shortly to appear in /. Text. Inst. 
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absorption process is actually far from reversible, however. An alternative 
method of finding the temperature effect would be to calculate the heat of 
absorption from Urquhart and Williams’s isotherms ; but this process is so 
inaccurate omng to uncertainty in measuring the slope of an experimental 
curve (see Rees, loc. cit.) that it was thought better in the absence of direct 
experimental data to proceed by the first method as if the absorption 
process were reversible. In Fig. 6 is shown dotted a curve for q at 100° c. 
estimated m this v ay. 

Experimental quantities dependent upon the density of the package as 
well as specific properties of the cotton are as follows. 

g is the ratio of the “ no absorption ” diffusion coefficient (D") for water 
vapour in the package to the value (D*) in free air. g is thus a measure of 



the obstructive effect of the cotton hairs, and is largely a geometrical 
quantity, though the extent of diffusion through the hairs themselves also 
comes in. It can be determined by means of continuous-flow diffusion 
expei^ents, or by calculation from experiments with tmsteady flow. It is 
not likely to be seriously affected by temperature or humidity, except in so 
far as these control swelliug of the fibres. The data given in the author's 
original paper were based on comparatively few experiments on the rate of 
gain or loss of moisture by miniature bales of cotton. They gave values for 
g of 0-^, 0-46 and 0-24 at dry package densities of 0*2, 0*4 and o-6 g./cm.® 
respectivdy. These values seemed reasonable at the time on the assumption 
that most of the diffusion occurred through the air in the interstices. These 
experiments, thoi^h very relevant to the practical problem which started 
the work, were not very suitable for the accurate measurement of diffusion 
constants, and it must be reported that subsequent experiments of the 
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same type did not confirm the original results. It is hoped that it will 
be possible to obtain more reliable figures from constant-flow experiments. 
Consequently, in the following calc^ations no attempt will be made to 
calculate absolute values for D in terms of D*. as would be possible if g 
were supposed known. It wdU merely be assumed that g remains constant 
for a given package as the temperature and humidity vaiy, so that D" is 
always proportional to D*. 

k, the thermal conductivity of loose cotton fibres compressed to different 
overall densities, has been determined by Speakman.® The cotton was 
conditioned to a relative humidity of 65 %, and the mean temperature 
durmg the me^urement was 25° c. Fig. 7 shows a curve for k plotted 
against p. It is likely that k will increase somewhat with moisture content, 
but to what extent is not known. 



Fig. 7 .—h and W' plotted against overall dry density. 


Derived Quantities.—The following are quantities derived from the 
foregoing experimental data, which will be required in the calculation of 
diffusion coefficients and amplitudes. 

Specific properties of the cotton, not dependent on the density of packing, 
are as follows. 

e is defined as qjc. It may therefore be thought of as a constant con¬ 
cerned with the rise in temperature produced when the material absorbs 
moisture. It depends upon the moisture content and the temperature much 
as does g. Curves showing e against r.h. for 25® c. and 100® c. shown in 
Fig. 6. The unit is ° c. 

I -f 8C0 is the ratio of the no absorption " to the '' constant vapour 
concentration ” coefficients of diffusion of heat through the cotton, 
1/(1 -1- 86)) is shown plotted logarithmically against temperature for various 
R.H."s in Fig. 8, It is a pure number. 


® Speakman, /. Tesd, Inst,, 1930, «x, T29. 
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A and v are defined as —^— and ——— respectively. Since y is 

i+yor i + eco 

dependent upon the density of packing, A is also, strictly speaking, so 
dependent. However, ycr is usually of the order of several thousand, and 
in this case A can be taken as equal to co/o', which does not depend upon p, 
A and v are quantities concerned with the coupling between the dihusion 
processes for heat and moisture. Since they are not needed separately in 
order to calculate the rate of dihusion of moisture when the initial disturbance 
is one of relative humidity only, they are not shown plotted here. They 
are needed, however, in order to calculate temperature changes due to a 
moisture disturbance, or vice versa; and the author will be glad to supply 
data to anyone interested in such calculations with respect to cotton. 


itf 40* 6Cf 8cr locr iio’c 



Fig. 8.—sw) plotted against temperature for various relative humidities. 


Av, which is a pure number less than unity, may be considered as giving 
the strength of the coupling between the diffukon processes. Since in 
coimection with cotton the coupling is nearly always strong, and Av is very 
dose to unity, (x—Av) is usually a more convenient form. When, as is nearly 
always the case, ycr is large compared with unity, (i—Av) can be taken as 
equal to i/(i + The only exception to this would be the case of a 
light fltifiy mass of cotton fibres at a temperature in the neighbourhood of 
100 ® c., when ycr might become comparable with unity, 
y is a derived quantity dependent upon the packing density. It is 

defined as where p and p, are the overall dry density of the 

package and the dry density of the cotton fibre respectively. It is the mass 
of solid containing unit pore space. 
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Calculation of Diffusion Coefficients.—^The aim now is to calculate 
from the data given above the way in which we should expect D, D and Xv 
to vary with the temperature and average r.h. during the diffusion process. 
We can then use the relations and nomograms given in the first part of this 
paper to determine the behaviour of the diffusion coefficients of the “ normal 
co-ordinates and their relative amplitudes. 

We have seen that D" is equal to gZ)*, where g is a factor dependent 
upon the density of packing but not very much on temperature or humidity. 
Reference to the original paper will show that D = + ya). Hence 



Fig. 9.—^Nomogram for variation of D vdth temperature and relative humidity. 


we have D = gD*l{i + ya). Since unity can nearly always be neglected 
in comparison with ya, however, we can write this 

^I ’ V • • • ' (^9) 

y or 

where the first factor depends upon the density but not on the temperature 
and humidity; whilst the second factor depends only upon the latter 
conditions. To find how D varies with temperature and humidity, therefore, 
we are only concerned with D*/a. To facilitate calculation, this relation 
is shown in Fig. 9 in the form of an empirical nomogram. Since we are 
ignoring the factor g/y, the units used for D are immaterial, and the D 
s^e is constructed to give D in terms of its value at 20° c. and 65 % r.h. 
These conditions were chosen as lying within the standard range used for 
textile testing. The nomc^pram was originally made to agree exactly with 
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the data for all humidities at 30° c. and 90® c. and for all temperatures at 
30 % and 80 % R.H. A slight readjustment was then made at the lower 
end of the temperature scale to bring about more general agreement. The 
nomogram represents the data as closely as the limited accuracy of the 
latter warrants. (It must be remembered that the curves for a were obtained 
by measuring the slopes of experimental curves—always an inaccurate 
process—followed by two-dimensional smoothing.) 

In order to work out the effect of coupling, we need to know D in absolute 
terms, and must therefore assume a value for g. The author's experiments 
with miniature bales have led to apparent values for g vax}^ing over a range 
of 6 :1 for a given density. This may have been due to differences in 
packing of the cotton, or more likely to differences in the past history of 
the cotton leading to variations in o*. Fortunately, for many applications 
it is only necessary to show that D and B are not of the same order. When 
more than this is required an experiment should be done under given con¬ 
ditions on a sample of the actual type of package concerned, when the theory 
can be used to predict the efiects of temperature and humidity variations. 


Diffusion Coefficients and Amplitudes 


i 

p = 0*2 g./cm.“ 

p 0*5 g./cm.» 

1 20 % R.H. 1 

65 % B H. 

1 90 % R.H. 

20 % R.H. 

65 % R.H. 

1 90 % R.H. 

20“ ^ 


3-1 12 

2-5 X40 

1 0-93 3*3 

1 0*73 160 

1*4 16 

1-3 63 

0-92 5-7 

o-8o 86 

0-28 1-5 

0-24 62 

50“ ^ 

a8 41 

x8 xSo 


IBEI 

84 20 ’ 

64 78 

5 7 7 7 

3 4 99 

I 5 2'0 

0*86 no 

80“ ^ 

140 49 

39 420 

0 0 

1 

abl 

D D 

Di D , 

41 24 

17 140 

27 9-8 

7 1- 210 


20“ ^ 

0-094 

0*0037 

0-193 

0 0040 

0-33 

0-0013 

0-050 

0-0016 

0 13 

0 00x9 

0 15 

0*0006 

50” { 

0-34 

0-050 

0-39 

0-0J.I 

0*43 

0*0010 

0-25 

0-037 

0-38 

0-033 

0-39 

0*0063 

80“ ^ 

0-21 

0-20 

0-17 

O-II 

P 

n 

0*30 

0-147 

0 34 

0-087 



The figures ia each cell of fhe top half are for diffusion coefficients, the arrangement bemg as shown m the 
cell for 80° and 90 % r.h. The unit is ro-® cm. 2 /sec. 

The figures m the bottom half are the relative amplitudes of the secondary wave, as explained in the text. 


For purposes of illustration, however, we will assume a value of o*2 for g 
to hold over the density range o-a to 0-5 g./cm.® At 20° c. and 65 % 
R.H., this wotdd give values for D of 3-0 x I0“® and 0*9 X 10-® cm.^/sec. 
for dry densities of 0-2 and 0-5 g./cm.® respectively. 

Turning now to the thermal diffusion coefficients, we have = k/pc 
and D = D'/(i€<o). Thus is considerably dependent upon the 
dei^ty. Its dependence on temperature and humidity is not known but 
is likdy to be moderate. Fig. 7 shows a curve for D" against p under the 
conditions of Speakman's determinations of k, viz. 25° c. and 65 % r.h. In 
the absence of more extensive data, we will take this curve as appl37ing to 
all conditions. D can be calculated with the aid of the curves for i + so> 
in Fig, 8. 

The calculation oi JD 2, p and n can now be done by a straightforward 
application of the nomograir^ in Fig. 1-3, or of the expressions on which 
they are based. Ey way of illustration this has been done for loose cotton 
fibres compressed to overall dry densities of o*3 and 0-5 g./cm.® at tem- 
pj^tuiBS 20®, 50° and 80° c„ and r.h. of 20 %, 65 % and 90 %. 
Tbe results axe set forth in the table, whose arrangement should be clear 
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from the legend. Figures have not been given for 80° c. and 90 % r.h. 
because under tliese conditions the vapour pressure would be a considerable 
fraction of atmospheric pressure, and fluid flow would be taking a notable 
part in the process. 

It will be noticed how, as the temperature rises, the moisture diffusion 
coef&cient D, which is at first much smaller than the thermal diffusion 
coefficient D, eventually becomes much larger. It will be seen how the 
diffusion coefficient for the slower norm^ function is always less than 
either D or D, but never by a factor of less than J. On the other hand 
D^is always much greater than D or D. The figures for n show that the 
secondary wave is of very small amplitude, as judged by the total moisture 
content, at low temperatures, but becomes appreciable at high temperatures. 
However, the figures for p show that when the package is subject to a thermal 
disturbance oiily, the secondary temperature wave may be of important 
magnitude even at room temperatures. 

The author’s thanks are due to the Director and Council of the British 
Cotton Industry Research Association for permission to publish this paper. 

Summary 

The paper is concerned with developing the conclusions drawn in a previous paper 
on the phenomena shown by two coupl^ diffusion processes—in this case, those of 
moisture and heat through a porous absorbent body such as cotton in bulk. It is shown 
ihat simplifications can be made to the equations where the coupling is very weak or 
very strong, where the two elementary diffusions occur at very different rates or 
where attention is confined to disturbances in one variable only. Nomograms are 
provided to simplify numerical treatment. The theory is applied to the case of 
compressed cotton fibres over a range of temperatures and humidities sind at two values 
of package density. 

The Shirley Institute, 

Didsbury, 

Manchester, 20. 


THE MEASUREMENT OF THE EFFECTIVE PORE SIZE 
AND OF THE WATER-REPELLENCY 
OF TIGHTLY WOVEN TEXTILES* 

By F. E. Barteix, W. R. Purcell f and C. G. Dodd J 
RecHved January, 1948 

In recent years considerable work has been done in attempting to develop 
highly water-resistant, vapour-permeable fabrics. To evaluate properly 
such progress as is made in this held, it is hrst necessary that suitable methods 
be available for testing and comparing the various fabrics as they are 
developed. To accomplish this end, it diould be possible to measure quanti- 
tativdy tiiose ph3reicm properties of the fabrics which contribute to their 
overall effectiveness. As whl be shown, the two most important properties 
to be measured are pore size and degree of water-repellency. This paper 
describes methods by which these two important properties of water- 
resistant, vapour-permeable fabrics can be quantitatively determined. 

* Work done tinder War Research Contract 0£M-cxnr-252, during 1943 and 1944. 
t Present address: Shell Oil Co., Production Research Laboratory, Houston, Texas. 
i Present address: Division of Ceramics, Pennsylvania State College, State College, 
Pennsylvania. 
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MEASUREMENT OF EFFECTIVE PORE SIZE 


Method for Measurement of Effective Pore Size 


The method to be described for measurement of effective pore size is a 
modification of the pressure of displacement method which has been used 
extensively for the determination of the pore sizes of various types of 
materials.^ a a 4 s e 

The porous medium (textile) to be tested is first saturated with a given liquid, 
and then placed in a suitable holder which permits the introduction of a thin 
layer of the saturant over the test-piece. Air is introduced to the holder at 
a pomt below the porous medium and the air pressure is slowly increased until 
the liquid is displaced from one or more pores of the sample causing air bubbles 
to rise through the thin layer of the liquid. 

Under these conditions the following equation applies : 

2 S (cos 6) ^ ^ 

f — ..... (i) 

wherein y represents the radius of the smallest pore from which liquid has been 
displaced, S the surface tension of the liquid, P the maximum, air pressure applied, 
g the acceleration of gravity and 0 the angle of contact formed by the Hquid 
against the walls of the capillary pore. 

In the ineasurement of pore radius through application of (i), a zero contact 
angle-forming liquid is used, because the independent determination of a finite 
contact angle is difficult. For a particular liquid at a ^ven temperature the 
surface tension S is constant, and (i) resolves to the following : 


r 


K 

P 


( 2 ) 


where K = zS/g, since the saturating liquid is so chosen that cos 0 = i. In 
measuring pore sizes by this method one need know only the surface tension of 
the saturant used and the pressure required to force this liquid from the pores. 

For the successful application of this method the liquid used must not only 
be a zero contact angle-fonning liquid, it must also be a Hquid that does not cause 
the fibres of the fabric to swell, thus changing the pore size, and it must be a liquid 
that does not dissolve any of the finislung materials or natural products from 
the fabric, thus clmnging the water-repellency. Preliminary tests indicated that 
certain organic Hquids such as alcohols (e.g., wopropyl) gl5rcols (Cellosolve) 
and mineral oils (Finol) were quite satisfactory from the standpoint of these 
three requirements. 

In appl3nng the method to textiles, it has been found satisfactory to take 
as -^e end-point the pressure reading at which air bubbles are discharged from 
a given number of pores, usually ten, on a circular area 2^ in. diam. (area = 
3*93 sq. in.). These ten pores are the largest pores in the area of the textile 
exposed to test. In testing water-repellent textiles, it is important to know 
maximum pore ra^ because the first failure of the cloth when exposed to water 
occurs as the liquid penetrates the largest pores. 


Apparatus and Procedure.—^An apparatus suitable for this work is illus¬ 
trated in Fig. 1. A sample of the textile to be tested (about 3i X 5 in.) is first 
satirated by hnmerrion for a period of 4 or 5 min. in a zero contact angle-forming 
liquid. The sample is -^en clamped in place in holder A. Petcock B is closed and 
the sataiating liquid is poured over Ihe top of the sample to a depth of from 
to f in. Stopcock C is opened to admit water to the air pressure bulb E. 


iB^dd, Z.physiK Chem., 1908, 8^. 328; Ki^hid-Z., 1934, 66, 329. 

« J. Amer. Cham, Soc., 1909 , 3 X, 1194 . 

Mc Bain and Kistler, Trans. Farads Soo., 1930, a6, 157. 

1 il 38 . 23. 

Price, w suing and Detergency (Ch&oiical Publishiuir Company 
of N.Y., Inc., 1937), p. 19. 

• Baitell C^enter, /. Physic, Chem., 1923, *7, 252; Bartell and Osterhof, 
il ^^ 53 ; BarteU and Miller, Ind, Eng. C/ww*., 1928, 

73 ° » and Smith, Ind, Eng, Chem., 1929, ax, 1102; Bartell and 

Jennmgs, J, PAyjsic. Chem., 1934. 38. 495 • BarteU and Walton, J, Physic. 
Chem,, 1934, 38, 503 1 Bartell and B urner , J, Physic. Chem., 1942, 46, 847. 
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The rate of flow of water is reflated by stopcock (or needle valve) D. 
Stopcock G also is open permitting water to flow into the glass tube F of 
about i in. diam, thereby establishing a hydrostatic pressure which is 
transmitted to the air in bulb E and holder A. A graduated scale is used to 
measure the hydrostatic 
head, i.e., the distance 
between the top of the 
water column in the bulb 
E and the top of the 
column in tube F. When 
the end-point is reached 
(i.e., when air bubbles 
appear from ten pores), 
valves G and D are closed 
simultaneously and the 
height of the water column 
is recorded. A zero reading 
is obtained by opening 
stopcocks G and B. 

The method has been 
employed with different 
t3^s of fabrics having 
maximum pore radii rang¬ 
ing from about 6 microns 
(English Shirley Cloth and 
American Jo Cloth) to 
about 100 microns (a 
poplin). The method has 
been found to be equally 
applicable to textiles 
woven from synthetic 
fibres and to cotton fabrics, 
to textiles treated with 
water - repellent finishes 
and to untreated textiles, 
to textiles wetted wholly 
or partially with water 
and to dry textiles. 

In Table I are given data obtained with ten different "water-repellent'' 
fabrics, the effective pore radii of which were obtained both with Find and with 
95 % denatured ethyl alcohol The pore radii determined with the two liquids 


TABLE I 

Comparative Pore-size Measurements on Water-repellent Fabrics made with 
Finol and with 95 % Denatured Ethyl Alcohol as Saturating Liquids 


Fabric 

Number 

Data obtained with Finol 

S = 28*9 djmes/cm. 

Data obtained with Alcohol 

S = 122^9 dynes/cm. 

Air Pressure 
(cm. H^O) 

Pore Radii 
(Microns) 

Air Pressure i 
(cm. H» 0 ) 

Pore Radii 
(Microns) 

I 

36-4 

i6-2 

27'6 

i6*9 

2 

36*2 

i6-3 

26*8 i 

17-4 

3 

24'5 

24-1 

i8*4 

25*4 

4 

23*5 

25-1 

i8*i 

25-8 

5 

23*5 

25*1 

I7‘8 

26*2 

6 

21*4 

27-6 

i6-8 

27*8 

7 

20*5 

28-8 

15-9 

29*4 

8 

19*6 

30-1 

16-4 

28-1 

9 

i8‘9 

31*2 

15-3 

30*5 

10 

6-0 

i 

98-4 

4-3 

109^ 
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are seen to give reasonable agreement. The values given for Finol represent 
the mean of ten runs, the average % deviation thus obtained for each textile 
being approximately 3*1 %. The values given for alcohol represent the mean of 
four runs and the average % deviation was, in this case, approximately 2*2 %. 
All measurements were made at approximately 25® c. 

Method for Measurement of Degree of Water-repellency 

In this work an attempt has been made to define quantitatively the term 

water-repellency ** according to fundamental concepts of the wetting of porous 
solids by liquids, and furthermore to establish a method whereby the degree of 
water-repellency of fabrics, as so defined, can be measured. 

Water-repellency may be defined in terms of the angle of contact of solid and 
liquid or, perhaps more advantageously, in terms of the cosine of that angle. 
A water-repellent material is one which exhibits a contact angle with water of 
greater than 90° (cos 0 < o). Maximum water-repellency would be evidenced 
if the angle of contact were 180° (cos 6 = — i). Asa measure of water-repellency 
then, one may use the numerical scale of cos 0 from o to — i. The value of 
(— cos 0) for a particular material may be multiplied by 100 to indicate the 
percentage of the theoretical maximum water-repellency exhibited. 

B^aviour of Water in Capillaries. —^The behaviour of water in capillaries 
can be predicted from the pressure-of-displacement equation (i) as follows. 
Water will tend spontaneously to advance into a capillary, the surface of which is 
composed of a material on which vrater forms an advancing contact angle of 
less than 90®. An opposing pressure is required to prevent the advance of water 
into this capillary and the smaller the angle of contact of the water on the 
capillary wall, the greater will be the pressure required. If the advancing 
contact angle of water against the wall of the capillary is greater than 90°, then 
pressure must be applied to force water into the capillary. The greater the angle 
of contact, the greater will be the pressure which must be applied. If, when 
water is receding from a capillary, the receding angle is less than 90®, pressure will 
be required to force the water from the capillary; however, water will tend 
spontaneously to recede from the capillary if the receding contact angle is greater 
than 90®. 

It is obvious from the foregoing that if the pores of a water-repellent fabric 
(cos 6 < o) are within the capillary range (i.e., the pressure-of-displacement 
equation applies), then the fabric will also be water-resistant, for pressure must 
be applied to force the water into and through the pores of the fe.bric. For 
a fabric of given pore size, the water-resistance will increase as the water- 
repellency approaches a value of —i. Likewise, for a given water-repellent 
surface, the water-resistance increases as the pore size decreases. 

Water-resistance against Water-repellency. —^It is of importance to 
distinguish clearly between the terms water-resistance and water-repellency. 
Water-resistance is determined not only by the degree of vrater-repellency but 
also by the efiective pore radius. To obtain a fabric of high water-resistance, 
there must exist not only a high degree of water-repellency but also the pore radii 
must be small. 

In this research, methods have been established whereby the contact angles 
of water on repellent fabrics may be measured, and, in accordance vdth the 
definitions set forth above, the cosines of these angles are used as a measure of 
the degrees of water-repellency of the fabrics. Information thus obtained, together 
with pore-size measurements made in the manner just described, permits a 
sepamtion of the two variables contributii^ to the water-resistance of repellent 
textiles. This feature distinguishes the test-methods here reported from those 
previously used which were, for the most part, directed merely toward the evalua¬ 
tion of water-resistance. 

Factors Affecting Water-repelleni^ Measurements.— The determination 
of water-repellency by contact angle measurements is complicated by the 
existence of two stable solid-water-air contact angles (an advancing contact 
angle and a receding contact angle) and also by the effect of surface roughness. 
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The advancing angle is the characteristic angle formed when a liqtdd is caused 
to advance over a solid surface or into capiUary pores, whereas the receding 
contact angle is the characteristic angle formed when the same liquid is caused to 
recede from the solid surface or capillary pores. In the testing of water-repellent 
fabrics it is necessary to evaluate the advancing angle in order to determine 
the resistance of the fabric to penetration by water, whereas it is necessary 
to evaluate the receding angle in order to determine the ease with which a fabric 
will shed water. The receding angle is, in effect, a measure of the water-shedding 
properties of a fabric, such shedding occurring readily only when the receding 
angle is greater than 90®. 

The measurement of both the advancing and receding contact angles of water 
on fabrics is complicated by the surface roughness of the fabric. ’ It is a well- 
known fact that the advancing contact angle of water against a water-repellent 
solid having a microscopically plane surface is lower than the advancing angle 
formed against the identical solid possessing a somewhat roughened surface. 
The effect of the roughness phenomenon in increasing the effective advancing 
contact angle is relatively great for good water-repellent cotton fabrics (on 
which the advancing angle is apparently increased from about no® to 140® 
or 150®), but is rather small for water-repellent Nylon and Vinyon fabrics (on 
which the advancing angle is apparently raised only from about no® to 120®). 
Cotton fibres are exceedingly discontinuous and cotton textiles are covered 
with an outer layer of fine fuzz (ends of fibres). Nylon, Vinyon, and most other 
S3mthetic fibres, on the other hand, are relatively round and smooth. These 
characteristics may account for the fact that it is possible to produce water- 
repellent cotton fabrics which are more effective than water-repellent S3mthetic 
fibre fabrics. 

In the work here reported, only advancing contact angles (i.e., the angle of 
importance to the property of water-resistance) have been measured. No 
attempt has been made to determine quantitatively the degree of roughness of 
fabrics although all data given below are for cotton fabrics wherein the roughness 
effect was considered to be about equal for all fabrics. 

Procedure for Measurement of Water-repellency.—^Modification of the 
pressure-of-displacement method above described provided a satisfactory method 
for measuring the angle of contact of water against repellent fabrics, and thus 
made possible the determination of the degree of water-repellency as measured 
on the convenient and significant cos 6 scale. 

From (1) and (2) 

. Pr , S2 , . 

cos % where K — — . . . . (3) 

Since, in this instance, the significant angle is the advancing contact angle, 
(6^), of the water against the fabric, the equation may be written : 

Jp ^ 

cos (for water = 0‘i67) . . • (4) 

The value of cos 0 ^ represents the degree of water-repellency of a fabric 
and can be obtained by determining y, the effective pore radius of the textile 
(obtained by the method described in the section on pore radius), and P^, 
the TniTiiTTinTn pressure required to force water into and through pores of radius y. 

The pressure, Pw, is the water-resistance of the fabric and is determined with 
apparatus similar to that described by Slowinske» for measuring water- 
resistance. The end-point is taken to be that pressure at which water droplets 
appear at ten different points on the upper side of the fabric. (Compare with 
the end-point for the pore-size determination.) The area of the fabric exposed 
to this test is the same (3*93 sq. in.) as that for the pore-size determination. 
The rate of pressure increase should not exceed 4 in. hydrostatic head increase 
per minute and as the end-point is approached a somewhat lower rate is desirable. 

The measurement of y, the effective pore radius of the fabric, is accomplished 
by measuring the pressure necessary to cause an organic liquid (which forms 

’ Wenzel, Ind, Eng, Chem., 1936. a®. 9 ®®* 

* Slowinske, Amer. Dyestuff Eep,^ 30, No. r, Pf«?. Ameir, Assoc, Text, Chem, Col,^ 

1941. 
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a zero contact angle with the fahric) to recede from the pores of the textile. If 
(2) is modified to indicate the use of an organic liquid which forms a zero receding 
contact angle (cos ^ == 0), one has: 

Ko 

~ Po.^ 5 ) 


In determining the value of cos 0 ^ (or the degree of water-repellency) of 
a treated fabric, it is not necessary to make the intermediate calculation of f 
since a combination of (4) and (5) shows that: 


where 


cos ^ == 


PviKo 

PoK^^ 
•Ew SyT 


K'Py, 

Po 


(6) 


Water-repellency of Different Fabrics with given “Water-repellent “ 
Treatments.—To test the reliability of the above-proposed method for deter¬ 
mining the degree of water-repellency of textiles, two sets of five fabrics each were 
obtained for study. Within each set, the five fabrics were all of different weave 
but each had been treated with the same commercial water-repellent ** material 
(Group A had all been given a Zelan treatment and Group B a Ponlitex 
treatment). 

It would be expected that the values of cos 0 ^ would be identical for a given 
water-repellent treatment regardless of the t3q>e of fabric to which it was applied, 
provided the coverage was uniform in all cases, and that there were no great 
variations in surface roughness. The results obtained are given in Table II. 
Each value is an average of values obtained on at least ten different samples of 
each fabric. 


TABLE II 

Water-repellency of Different Fabrics with Two Types of Commercial 
Water-repellent Treatments 


Group 

Fabric 

P\r 

(cm. of Water 
Head) 

Po 

(cm. of Water 
Head) 

Water- 
repellency 
(- cos et) 


r 

I 

41-6 

28-0 

o- 6 o 

Type A 


2 

47-6 

27*9 

0-69 

(Zelan < 


3 

49*3 

28-6 

0-69 

treated) 


4 

63-4 

38-3 

0*67 


L 

5 

74-2 

47*9 

0*62 




1 

Average 

= 0-65 


r- 

1 

6 


6-0 

077 

TywB 


7 

40*1 

21-4 

0-75 

(Ponhtex 


8 

43*^ 

24*5 

0-72 

treated) 


9 

65-9 

36-3 

0*73 

] 

km 

10 

68-9 

36-4 

0-76 





Average 

== 0-75 


Note.—F inol used as the zero contact angle-forming liquid. 
« ifo/ifw = 5o/Sw - 2S-9f72-o = 0-402 

Cos 6^. « 0*402 & 


The fairly close agreement in the values for cos 0 ^ within each of the two 
groups as shown in Table II indicates that the actual water-repellency of different 
febrics treated with the same water-repellent treatment is practically the same. 
The agreement among the cos ^ values of the fabric in Group B is somewhat 
better than that for Group A, and it should be mentioned that while the five 
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fabrics in Group B were especially treated with Ponlitex for these tests the 
fabrics in Group A were obtained from several different commercial sources 
and may therefore not have had exactly the same treatment. To obtain 
extremely good agreement among values of cos 6^ for different fabrics treated 
with the same water-repellent, it would be necessary not only to make sure that 
the treatments were identical, but also to take special precautions against 
contamination of the treated fabric surfaces since hydrophobic surfaces possessing 
high degrees of water-repellency may become slightly altered through handling 
or by adsorption of foreign substances. Considering the experimental difficulties 
involved in obtaining uncontaminated and reproducible surfaces, the agreement 
shown in Table II is considered good and lends support to the use of the pressure- 
of-displacement method as a means for measuring the degree of water-repellency 
of treated fabrics. 

It is interesting to note that the five fabrics within each of the two groups, 
A and B, exhibit quite different values of water-resistance (varying from 42 to 
74 cm. of water head for Group A and from 12 to 69 cm. of water head for Group B), 
this difference being due to the difference in pore size existing among the various 
fabrics of each group. If the fabrics within each group had possessed the same 
pore size they would have exhibited practically the same water-resistance. 

Water-repellency of a Given Fabric with Different Water-repellent 
Treatments.—^Many different water-repellent treatments on various types of 
fabrics have been tested for water-repellency by this pressure of displacement 
method. Table III gives representative data for eight different water-repellent 
treatments which had all been applied to different samples of the same grey 
goods. The values shown are averages of at least ten runs on each fabric. The 
zero contact angle-forming liquid used was Finol. 


TABLE III 

Water-repellency oe a Given Fabric with Different Water-repellent 

Treatments 


Treatment 

Number 

Pw 

(cm. of Water Head) 

Po 

(cm. of Water Head) 

Water-repellency 

(“COS 0^) 

i-A 


20*6 

0'6o 

2-A 


20*8 

0*74 

3-A 


19*6 

0*62 

4-A 

3I-I 

i8-6 

0-66 

5-A 

31-7 

20*7 

o*6i 

6—A 

31-3 

22*8 

0-55 

7-A 

30-9 

20*5 

0*61 

8-A 

39-5 

J^3-5 

0*67 

i 


TABLE IV 

Calculated Water-Resistance Based upon a Uniform Pore Size 


Treatment 

Number 

Water-resistance Based on 
the Pare Size of Fabric 8-A 
(cm, of Water Head) 

Water-resistance actually 
Exhibited 

(cm. of Water Head) 

i~A 

35'2 

309 

2-A 

43'5 

38-5 

3-A 

3^-2 

30*2 

4-A 

38-6 

31*1 

5“A 

36*0 

317 

6-A 

32-3 

31-3 

7-A 

35-4 

30-9 

8“A 

39-5 

39-5 
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The values of water-repellency for the eight treatments as measured by cos 
are shown in the last column of Table III. It is interesting to note that the fabric 
with the highest water-repellency (No. a-A) did not exhibit the highest water- 
resistance (-P^ value), nor did the fabric with the lowest water-repellency (No. 6-A) 
possess the lowest water-resistance. This was due in part to variations in pore size 
brought about by differences in the extent to which the various treatments 
tended to fill the pores of the goods to which they were applied. The data 
shown in Table IV give the hydrostatic pressures which it may be assumed the 
fabrics would have resisted had they all possessed the same pore size. The 
calculations are based on the smallest pore radius exhibited by any of the fabrics 
in Table III, namely, that of fabric 8-A. 

The data of Table IV are presented to emphasise again the dependency of water- 
resistance on pore size as well as on water-repellency. Water-resistance can be 
used as a measure of water-repellency only in the very specialised case (rarely, 
if ever, realised in practice) in which the fabrics to be compared all have exactly 
the same pore size. 

Discussion 

Of the many water-repellent finishes that have been tested during the 
course of this research it has been found that the best have cos 8^ values 
ranging from — 0*6 to — o*8. It should be emphasised, however, that these 
values are for the material in the dry state as received from the finishing 
nulls. It is known that the repeUency of a water-repellent finish is altered 
to a greater or lesser degree when a treated fabric is exposed to water, 
dry-cleaned, washed, etc. The choice of the best finish then depends not 
only on the original degree of rep»^ency of that finish but also on the extent 
to which it is altered under service conditions. In general, the best water- 
resistant fabrics will, therefore, be those made by appl3dng the best and 
most durable water-repellent finishes to the most tightly woven grey goods 
available. The tests here described provide means by which these two 
contributing factors (i,e., degree of water-repellency and pore size) may be 
determined quantitatively. 

The Chemical Lahoraiory of the University of Michigan, 

Ann Arhor, 

Michigan, f7.S.A. 


THE PASSAGE OF WATER THROUGH THE CAPILLARY 
STRUCTURE OF WOOD 

By Alfred J. Stamm 
Received 30th January, 1948 

passage of water through wood is a highly complex phenomenon.^ 
This fact was appreciated at least 20 years ago by Martley ® and Stillwell,® 
who showed that even below the fibre-saturation point the water movement 
under a vapour-pressure gradient is not a simple vapour-diffusion phenome¬ 
non, as had previously been supposed. They showed that calculated diffusion 
constants increased with an increase m moisture content. Some research 
workers have attempted to explain this fact on the basis of the swelling 
of the wood. Swel^ alone cannot e3^1ain the fact. The fibre cavities, or 
lu mina , that constitute the major void volume of all coniferous species, 

1 Bateman, Hohf and Stamm, Ind. Eng, Chern,, 1939, 31, 1150. 

! Tech. Paper No, a (X926). 

Stillwell, Dept, Sa, Ind, Res. (Brit,), Tech. Bstper No. i (1926). 
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change but sKghtly in dimensions when wood shrinks and swells,^ ® The 
pit-membrane pores, which are the major means of passage of vapours 
between adjacent fibre cavities, have been actually shown to decrease in 
size as the wood swells.® It is thus apparent that swelling alone would have 
the reverse effect upon the diffusion constant from that actually found. 

Transverse-drying-diffusion constants for wood have been calculated by 
assuming that simple diffusion takes place independently of moisture 
content, using Fourier analysis methods.^ KoUmann,® ® Sherwood^® and 
Sherwood and Comings used rate-of-drying data, and Tuttle used 
moisture-distribution data for making calculations.^® In each case, the 
surface moisture content was that obtained in normal wood-chying practice, 
6 to 10 %. All of these investigators obtained diffusion constants consistent 
with theory, which has made it appear that moisture-content variations do 
not significantly affect the diffusion constant. 

Diffusion in Water-saturated Wood 

The author felt that the discrepancies between the findings of the investigators 
using the Fourier analysis methods and those of Martley and Stillwell might 
be accounted for on the basis that part of the moisture movement is due to 



Fig. I. —Diagrammatic sketch of a swollen tangential section of a softwood. 

diffusion of liquid water through the wood substance under a moisture-content 
gradient. It would be very difficult to differentiate experimentally between 
vapour diffusion and bound-water diffusion when they occur simultaneously. 
It was therefore decided at the U.S. Forest Products Laboratory to attempt 
to calculate theoretical diffusion constants from known capillary-structure 
data,^* and a few reasonable assumptions, to see how these values agreed with 
the experimental findings. 

The first assumption, which has recently been shown by experiment to be 
correct, is that diffusion through the complex capillary structure of wood is 
analogous to the conduction of an electric current through the same capillary 
structure.^* The diffusion through capillaries in parallel is additive and the 
resistance to diffusion through capillaries in series is additive, or the diffusion 
through capillaries in series is the reciprocal of the sum of the reciprocals of the 
diffusion through each capillary. To simplify the calculations, the analysis 
was confined to coniferous woods free from resin ducts. The effect of diffusion 
through the ray cells was neglected. Except in pines that contain horizontal 

^ Stamm, Ind. Enq. Chem,, 1935, 27, 4or. 

* Stamm and Loughborough, Amer, Soc. Mech. Eng, Trans,, 1943, 64, 379. 

« Stamm, Physics, r935, 6, 334. 

^ IngersoU and Zobel, Mathematical Theory of Heat Conduction (Ginn & Co., Boston, 

1913). 

* KoUmann, Forsch, Gehiete Ingenieurw, 1935, 6, 169. 

* KoUmann, Forsch, Gebiete Ingenieurw, 1936, 7, 113. 

Sherwood, Ind, Eng, Chem,, 1929, ax, 12. 

^ Sherwood and Comings, Vsessayuznovo Teplotechnisches Kovo Inst,, No. 8, August 
(1935)* 

Tuttle, J, Franklin Inst,, 1925, aoo, 609. 

“ Newman, Cooper Union Btdl,, Eng, Sci,, Ser, 5 (1932). 

S t a mm , U,S, Dept, Agric, Tech, Bull,, 929 (1946). 

Stamm, J. Agric, Res,, 1929,38, 23. 

Burr and Stamm, J. Physic, Chem,, 1947, 31, 240. 
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resin ducts, this simplification has been shown to have but a minor effect upon 
the results.^* The passage of materials through coniferous woods would thus 
have to be through the fibre cavities in series with the pit systems and the 
transient cell-wall capillaries that are in parallel (see Fig. i). A continuous 
passage through transient cell-wall capillaries would be in parallel with the 
foregoing combined path. The pit system is made up of pit chambers in series 
with openings in the pit membrane that comprise both larger permanent openings 
and opemngs of the transient type, as in the cell wall, that exist only when the 
wall is swollen. These will be called transient capillaries to emphasise the fact 
that they do not exist under all conditions. 

The capillary data needed for calculating the diffusion through this complex 
system are the total fractional cross-section of all the capillaries of each t3?pe 
that are combined in parallel, the average length of each type of capillary, and 
the number of each type that are connected in series per unit distance through 
the wood. Good, to reasonably good, data are available for the dimensions 
of all of the difterent types of capillaries, except for the fractional transient 
cell-wall capillary cross-section and the total of the pit-membrane-pore capil¬ 
laries.^* The dimensions for the fractional cell-wall capillaries have been 
estimated by a method considered sounder than those previously used for 
estimating the effective capillary cross-section of membranes.The pit- 
membrane-pore cross-section is the most variable of the capillary properties 
used in the calculations, as indicated by the limited data available.Fortunately, 
rather large variations in the values used have a minor effect upon the 
calculations 

The simple case where only one t3^e of movement can take place, namely, 
that of a molecule similar to the water molecule diffusing through water- 
saturated wood under a concentration gradient, was considered first. For 
diffusion in the fibre direction 


Di = i/Sj = 






where: 


iJRf, -f i/R^ 


- + i/i2e 


(I) 


Di = longitudinal-diffusion constant relative to the dimensions of the swollen 
wood. 

Ri = total resistance of the network in the longitudinal direction per cm. cube. 
Ra = resistance of the fibre cavities. 

Rl, = resistance of the permanent pit-membrane pores. 

Rc s= resistance of the transient pit-membrane capillaries. 

Rfl = resistance of the pit chambers. 

R^ =5 resistance of the cell-wall capillaries to passage from one fibre cavity to 
the next. 

Rf « resistance of the capillaries of the cell wall to continuous passage through 
them. 

The resistance terms each include Do in the denominator, where Do is the 
diffusion constant for the bulk liquid. Substitution of typical values for the 
heaxtwcod of a coniferous wood with a specific gravity of 0*365 gives 
Di = 0-651 Do. 

A similar equation for transverse diffusion (diffusion at right-angles to the 
fibre direction) gives D^ =* 0-0466 P© the same wood. The ratio of longitudinal 
to transverse diffusion is thus 




I4-I 


Fig, 2 gives the calculated values of and S for the heartwood of 

. Do Dq Di 

conifers over the normal specific^gravity range of the wood. The contribution 
of the continuous path through the cell wall to diffusion in the longitudinal 
direction is negligible. The resistance of the fibre cavities to diffusion is great 
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compared to that of the pit structures and of the cell-wall capillaries. Longi¬ 
tudinal diffusion, then, is limited by the void cross-section of the fibre cavities, 
and since this is inversely proportional to the specific gravity of the wood, the 
plot of Di/Dq against specific gravity is nearly a straight line. In the transverse 
direction, the contribution of the continuous path through the cell wall to diffu¬ 
sion is about 3 % of the total. The pit resistance is approximately twice that 
of the cell-wall capillaries, and their combined resistance is much greater than 
that of the fibre cavities. I>t/^o falls rather sharply with increasing specific 
gravity in the low-specific-gravity region, but a roughly linear relationship 
exists between that ratio and specific gravities higher than about 0-3. In 
consequence, the ratio A/A is fairly constant in the range of specific gravities 
normal for coniferous woods. While A “wilf depend to a certain extent upon 
factors that are independent of the s^ific gravity, variations in these quantities 
among the common coniferous species appear to be small or to have a minor 
effect upon the results. 

These calculated diffusion con¬ 
stants have been shown to agree 
quite well with diffusion data 
and with electrical-conductivity 
data when a coirection for the 
taper of the fibre cavities is made 
in the case of longitudinal dif¬ 
fusion. ^® This agreement 
indicates that the estimated 
effective capillary cross-section 
of cell walls must be approxi¬ 
mately correct. 



Fig. 3.—Calculated diffusion functions relative 
to bulk diftusion for the passage of solutes 
with molecules the size of the water 
molecule through water-saturated wood of 
different specific gravities. 


Diffusion under Drying 
Conditions 

The next step was to apply the 
for^o^ methods of calculating 
the diffusion constants to the 
drying of wood that was initially 
below the fibre-saturation point. 

These calculations are more 
complicated for two reasons: 

(a) the dimensions of part of the 
capillary structure vary with 
moisture content, thus making 

it necessary to use different capillary-constant values for each lamiim at 
right-angles to the drying gradient having an approximately constant moisture 
content, and {b) two kinds of diffusion are taking place simultaneously, a bound- 
water diffusion through the cell walls under a moisture-<5ontent gradient and a 
vapour diffusion through the coarser capillary structure under a vapour-pressure 
gradient. Moisture content and vapour pressure are related by a complicated 
sigmoid relationship. It is thus necessary to calculate the diffusion constant 
for a number of in series, each with a different uni form moisture content, 

and to convert the two kinds of diffusion to a common basis. 

Moisture gradients in wood are normally expressed in terms of change in weight 
of water per unit weight of dry wood per unit distance. In the case of diffusion, 
the gradient is normally expressed in terms of change in weight per unit volume 
per unit distance. The diffusion of both water vapour and bound water were 
therefore transposed to the unit-volume basis. 

The diffusion of water vapour in air is dependent upon the absolute 
temperature T and the total pressure Pa, expressed in mm. Hg, as follows.^® 

^ 0-220 (—j. ^ 


(*) 


IT Cady and WiUiams, J. Physic. Chem., i 935 . 39 . 87. 
“ Stamm, J. Physic. Chem., 193a. 3 ®. 3 **- 
” ItUer. Crit. Tables. 





268 PASSAGE OF WATER THROUGH THE CAPILLARY 


This diffusion constant, in sq. cm./sec., can be transformed to a basis in which 
the gradient is expressed in terms of the change in relative vapour pressure, 
by multiplying the values by the number of g. HaO/cc. saturated water vapour! 
The diffusion is then in c.G.s. units. When this is, in turn, multiplied by the 
rate of change of relative vapour pressure with changes in moisture content, 
obtained from the slope of the moisture content-relative vapour-pressure curves 
for wood at the moisture content and temperature under consideration, the 
diffusion constant is then in terms of the moisture content per unit weight of 
dry wood.i* To put it in terms of the volume of swollen wood rather than 
weight of dry wood and in cm.®/sec., the diffusion value is finally divided by the 
specific gravity of the wood at test (dry weight divided by swollen volume). 

In order to calculate the diffusion of bound water, it is necessary to assume 
that diffusion of mobile water held in polymolecular layers diffuses through 
immobilised water held as a monomolecular layer in the fine transient-capillary 
structure of the cell walls.On the basis of this assumption, the bound-water 
diffusion dyo can be calculated by use of Einstein’s diffusion equation in cm.*/sec.. 



in which R is the gas constant (8-316 x 10^, T is the absolute temperature, 

JV is Avogadro’s constant (6-o6 X io®»), 
•n is the viscosity of the diffusing 
medium,in this case water, and Vq is the 
effective radius of the diffusing water 
molecule. Undoubtedly, the viscosity 
of the surface-bound water is some¬ 
what greater than that of normally 
free water, but as no data are avail¬ 
able for the bound water the value for 
free water is used in the calculations. 
Various data indicate that about 6 % 
water is held by wood in a mono- 
molecular layer.*® On this basis, 
bound-water diffusion will not occur 
below this moisture content. 

To put this bound-water diffusion 
in the same units as the water-vapour 
diffusion, it is multiplied by the rate 
by which the volume of water per 
unit volume of swollen wood substance 
changes with the weight of moisture 
per unit weight of dry wood,^* which 
Fig. 3.—^Transverse-drying-diffusion con- rat® is obtained from the slope of the 
stants relative to unit dimensions relationship between these two quan- 
of the wood, for wood with different tities at the moisture content under 
swollen-volume spedfic gravities and consideiation. The product in turn 
moisture contents dried at 40“ c. jg multiplied by the specific gravity 

of the absorbed water at the moisture 
content under consideration ** ** to put the diffusion in terms of weight 
of water change per unit volume of swollen wood substance. The result 
is divided by the fractional liquid volume of the swollen cell wall to put 
it in terms of the liquid volume rather than the cell-wall volume and, finally, is 
divided by the spe<^c gravity of the wood at test to bring the bound-water 
diffusion back to units of cm.Vsec. 

Equations similar to (i) can be set up for lamina of different moisture content 
by multiplying the cajuUary-dimension functions by the appropriate diffusion 
constant corrected to identical units, that is, by multiplying the capillary- 
dimension functions for passage of water vapour through the microscopically 



*® Stamm and Hansen, /. Physic, Chem,, 1938, 42, 209. 

*1 Stamm, Ind, Eng, Ckem., 1938, 30, 1280, 

** Stamm and Hansen, J, Physic, Chem,, 1937, 41, 1007, 

Stamm, in Chemistry of Wood, by L, E. Wise (Reinhold Pub. Coip., New York, 1944). 
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visible capillary structure, by the 
corrected value of dfj,, and by 
multiplying the value for the 
capillary function representing the 
passage of bound water through 
the cell walls by the corrected 
value of dyj, 

3 gives data for the 
calculated transverse - diffusion 
constant, at five different moisture 
contents, for the heartwood of 
coniferous woods, with five differ¬ 
ent swollen-volume specific 
gravities, dried at 40® c. The 
data show that the diffusion 
constant varies but slightly for 
woods with normal specific gravi¬ 
ties at moisture contents higher 
than 6 %. The variation in the 
case of wood with a specific 
gravity of 0*25, which is lower 
than that of most woods, is 
somewhat greater. This is due to 
the facts that a greater proportion 
of the diffusion is vapour diffusion 
in the case of low- in contrast 
to high-specific-gravity woods, and that 
vapour diffusion is proportional to the 
vapour-pressure gradient rather than to 
the moisture-content gradient, in terms 
of which the diffusion is expressed.^* 
The drop in diffusion constant below 

fact that bound-water diffusion is no 
longer effective. The average diffusion 
constant effective for diffusion from 
the fibre-saturation point to any surface- 
boundary condition can be obtained 
from the areas under the curves of 
Fig. 3 up to the boundary condition 
under consideration.^* These values 
vary considerably less with variations 
in the boundaxy-moisture content than 
the values plotted in Fig. 3. It is 
thus not surprising that KoUmaim, 
Sherwood and Tuttle obtained diffusion 
constants that apparently are indepen¬ 
dent of the boundary-moisture-content 
condition. Fig. 4, 5 and 6 give the 
average calculated transverse-drying- 
diffusion constants, for wood witii 
(i^erent swollen-volume specific gravi¬ 
ties, for drying at several different 
temperatures to a surface-moisture 
content of 10 % in both c.g.s. and 
English units, together with various 
values calculated from dr3dng data 
taken from the literature. ♦ » * » n 

* Typewritten report of W. K. Lough¬ 
borough and E. C. Peck, U.S. Forest 
Products Laboratory, Madison, Wis. 



Fig, 4.—Average transverse-drying-difiusion 
constants relative to unit dimensions of 
the wood, for wood with different swollen- 
volume specific gravities dried at different 
temperatures, under relative vapour- 
pressure conditions that give a surface 
moisture content of 10 %. 

CALCULATED FAOM 
'O'CAHLLARY sTKucTm cmmRArtoto\ 
•-DRYWG DATA OF KOLLMAN 
C-ORrm DATA OF MTEMAHAHD HtUfF 
DATA OF MARTLEY 
ARROW JMAFTS miCATE EXTEffT 
EXPERmENTAL POINTS DEV/ATE 



with different swollen - volume 


specific gravities dried at different 
temperatures under relative 
vapour-pressure couditions which 
give a surface moisture content 
of 10%. 
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CALCUL/tT£0 FROM 

O^CAP/lU/fy STAUCTURS CONSlDSAAmNS 
• -AAYtNG DATA OF L0USHB0RDU6H 
ARROW MARTS MDfCATS EXTENT £tPERl\ 
MENTAL poms DEViATE FROM THEOR¬ 
ETICAL VALUES. 


The agreement between the values calculated from capillary-structural 
considerations and from drying data is surprisingly good. The curves show 
a considerable increase in the diffusion constant with increases in 
temperature, with the increase being greater for the low- than the high-specific- 
gravity woods. This difference is due to the fact that vapour diffusion, which 
predominates in the case of low-specific-gravity woods, is affected more by 
temperature changes than is bound-water diffusion. 

It is also possiWe to calculate the effect of drying under reduced pressure.^* 
A vacuum aids only in the diffusion of water vapour at the lower moisture 
contents. The average effective diffusion constant at 6o mm. Hg pressure may 
be three to five times that at 760 mm. at 40® c. (see Fig. 7). At higher tem¬ 
peratures, the total pressure cannot be so low because of the greater vapour 

pressure of water. Because of this 
limitation, little is gained in increased 
rate of diffusion other than that due 
to the temperature rise alone. This 
fact, combined with the fact that it 
is difficult to heat wood under a 
vacuum, indicates the impracticability 
of drying sizeable pieces of wood under 
a vacuum. 

Movement of Free Water 

In considering the movement of free 
water in wood, the simplest case of the 
movement of water through completely 
water-saturated wood under conditions 
such that air-liquid menisci cannot be 
formed within the capillary structure 
will be considered first. In this case, 
Poiseuille’s relationship for the flow of 
a liquid through capillary tubes should 
apply; in which case, the flow through 
a single tube will vary directly as the 
fourth power of its radius and in¬ 
versely as its length.^* For a number 
of tubes of equal radius and of equal 
length connected in parallel, the flow 
will vary as the number of tubes times 
the fourth power of the radius divided 
by the common length, or as the com¬ 
bined capillary cross-section times the 
square of the radius divided by the 
length. When two capillaries, one of 
which has a radius 10 times the other, 
are connected in parallel, the flow 
through the larger tube will be 10,000 
times that through the smaller tube. 
When the two capillaries are con¬ 
nected in series, the flow through the 
two tubes will be the same. The 
pressure drop through the s m a l l e r tube will, however, be 10,000 times that 
through the larjger tube. Considering the flow of water under pressure through 
the fibre cavities in series with the flow through the pit structure and the 
cell walls connected in parallel, the following reduced equation has been obtained 
for flow in the fibre direction through the heartwood of average conifers.^* 

53,000 P/ == (3-0 -1- 0*0007) P^ . . . (4) 


Spec/Y^c pmy/i^cfei/eod^wtiff€w-iAoiu/mba^^ 


Fig. 6 .—Average transverse-drying- 
diffusion constants relative to unit 
dimensions of the wood in English 
units, for wood with different 
swollen-volume specific gravities 
dried at different temperatures 
under relative vapour-pressure 
conditions which give a surface 
moisture content of 10 %. 


Pt = 3-7 X io-» Pa, 


( 5 ) 


wlifire Pf is the pressuie drop through the fibre cavities and P^, is the pressnre 
^op tbrongh the pt sjrstem and cell •walls. The tenn on the left side of (4) 
is for the fibre ca'vities. The first term in parentheses on the right side of the 
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equation is for the pit system, and the last term is for the cell walls. About 
99*9^ % of the flow is through the pits. For all practical purposes, the flow 
through the cell wall can be neglected. The pressure drop through the fibre 
cavities is negligible in comparison to that through the pit system. Flow of 
water through wood in the fibre direction under pressure is thus almost entirely 
dependent upon the effectiveness of the pit capillaries. 

A similar analysis for flow in the 
transverse directions through the 
heartwood of coniferous woods gives 
similar results, except that the 
pressure drop through the pits is 
still much greater in proportion to 
that through the fibre cavities than 
for flow in the fibre direction. 

Generally, the movement of a 
liquid through wood does not occur 
in a continuous liquid system with 
free liquid on the entrance and exit 
faces, as has just been considered. 

When green wood is dried, or par¬ 
tially dried, or dry wood is treated 
with a liquid or solution, air-liquid 
menisci are formed in the wood, 
which add greatly to the compli¬ 
cation of the process. When a 
piece of completely water-filled 
wood is dried in air, free evaporation 
occurs until menisci are formed in 
the pit-membrane pores of the 
surface fibres. Further evaporation will occur only when the relative vapour 
pressure is reduced suf&ciently to overcome the added resistance to evaporation 
caused by the curvature of the menisci in the largest pit-membrane pores. This 
can be calculated by use of the Kelvin equation.^* The swelling pressure 
corresponding to the reduction in vapour pressure can, in turn, be calculated 

from the swelling-pressure equation.^* 
From these equations it can be shown 
that further evaporation from pit-mem¬ 
brane pores with a radius of 42 milli¬ 
microns or less will exert a force great 
enough to collapse the fibre.Such 
collapse occurs rarely in commercial 
dr3dng of wood, and then only in 
occasional fibres or groups of fibres, 
because the fibre cavities are rarely 
completely filled with water and, at 
the same time, have all of their 
communicating openings less than 42 
millimicrons in radius. 

Normally, green wood rarely contains 
more than three-quarters of the amount 
of water necessary completely to satu¬ 
rate the structure. K the air bubbles 
in each fibre cavity are larger than 
the largest communicating pit opening, 
then free water can move as drying 
occurs. Tension set up in the pit-mem¬ 
brane pores due to evaporation forces causes the expansion of the bubbles within 
the fibre cavities and the free flow of liquid. On the basis of correspondence 
of the fibre-saturation point to a relative vapour pressure of 99 %/* the 
evaporative tension could be 13*5 atm. or more. 

The mechanism of the liquid flow will, in general, be as follows. In a series 
combination of fibre cavities contaiaing equal-size air bubbles, the flow of liquid 
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Fig S.—Moisture-distribution curve 
obtained after dr3dng normal green 
Sitka spruce for 3*75 hr in the tan¬ 
gential direction at 40® c. and o % 
relative humidity. 



Fig. 7.—Average transverse-drying-diffusion 
constants relative to unit dimensions of 
the wood between the fibre-saturation 
point and the oven-dry conditions, for 
wood with a swollen-volume specific 
gravity of 0*365 dried at 40° c. under 
different reduced air pressures. 
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toward the wet line will occur first from the fibre ca\dty nearest to the surface, 
because the distance of the flow, and hence resistance to it, will there be least. 
The bubble within the fibre cavity will expand, as flow takes place, until it 
practically fills the cavity. The bubble meniscus will then tend to be pulled 
into one of the pit orifices. This pull will increase the curvature of the bubble 
to a point at which the resistance to further expansion exceeds the resistance 
to expansion of the air bubble in the next fibre cavify. Flow will then occur 
from this second fibre cavity until its bubble practically fills the cavity. Because 
of the irregularities of the fibre-cavity surfaces, the bubbles will never conform 
to the surface, since in doing so the curvature of a bubble in one fibre cavity 
would be increased to a value greater than that of an air bubble in another 
fibre cavity in the series combination. The water in the second fibre cavity 
from the wet line can therefore pass through channels between the bubble and 
the fibre wall of the first fibre cavity from the wet line. This will increase the 
resistance to liquid flow, but will not prevent it. 
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Fig. 9. —Moisture-distribution curve obtained 
after drying water-saturated Sitka spruce 
for 259*5 hr. in the tangential direction 
at 40® c. and o % relative humidity. 

AreaU+ C + D) “ fraction of 

evaporable moisture lost if there were 

no movement of liquid water; 

Area (A B) . ^ . 

Area [A + B + C + D) ~ ®f 

evaporable moisture actually lost; 

Area -f F C) ^ 

■7- , p = fraction of 

Area -j- F -f C -h f?) 

evaporable moisture lost if there were 

free movement of liquid water. 


The air bubbles in the fibre cavities will vary randomly in size, so that flow 
may occur first from a fibre cavity an appreciable distance in from the wet line. 
The bubble in this cavity will, however, have to be sufihciently larger than a 
bubble in a fibre cavity near the wet line to make up for the difierence in flow 
resistance offered by each distance. As drying progresses, the chance that a 
bubble, in a fibre cavity at a considerable distance from the wet line, will lose 
its water by expansion of a contained air bubble before the same loss occurs 
in a fibre cavr^ nearer the wet line becomes increasingly remote, because of 
the greater probability under these conditions that the water will have to flow 
through more fibre cavities that contain practically completely expanded air 
bubbles. It is also possible for flow to occur in isolated places in a direction 
opposite to the moisture gradient because of less resistance to flow. On the 
average, however, flow will be towards the wet line at which evaporation is taking 
place, with a predominant tendency for the water nearest the wet line to 
move first. 

Except in the case of green wood that is practically filled with water, the 
movement of free water when drying wood responds to the diffusion occurring 
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in the outer zone, which is below the fibre-saturation point. If the free water 
moved either faster or slower than the bound water and the water vapour, 
the moisture gradient in the zone of transition would decrease or increase so as 
to make the movement of free water respond to the movement of the water 
below the fibre-saturation point that is motivated by difiusion. There is, 
therefore, rarely a break in the curve representing the relationship between 
moisture content and the distance into the wood from the dr5dng surface. 
Fig. 8 shows such a normal drying gradient. 

WTien green wood contains sufficient water to fill part of the fibre cavities 
completely, the free water in these filled fibre cavities will not move as the 
wood dries. In this case, a moisture gradient of the type given in Fig. 9 will 
result. In such cases, drying constants cannot be calculated from drying rate 
or gradient data. 

Summary 

It is shown that the movement of water through wood can be of three types : 
namely, water-vapour difiusion through microscopically visible structure, bound-water 
diffusion below the fibre-saturation point through the cell-wall structure, and free-water 
movement above the fibre-saturation point through the microscopically visible capillary 
structure as a result of externally applied pressure or of internal capillaiy forces. 

It is shown that diffusion through wood can be calculated from capiUary-structural 
data, by considering the diffusion tibrough the various capillaries in parallel as additive 
and the resistance to diffusion through the various capillaries in series as additive in 
the same manner as electrical conduction. 

On this basis, the diffusion of a solute through water-saturated wood is calculated. 
Agreement between the calculated values and experimentally determined diffusion and 
electrical-conductivity values is quite good. 

In a similar way, dr3ring-diffusion constants are calculated for lamina of different 
moisture contents, at right-angles to the drying gradient, by combining vapour dffiusion 
through the microscopically visible capillary structure with bound-water diffusion 
through the cell walls, with both transposed to the same units. Diffusion constants 
calcu&ed from rates-of-dr3dng and moisture-gradient data agree well with the theoretical 
values. Previously obtained variations of the diffusion constant according to variations 
of moisture content are explained. 

The resistance to movement of free water through the various t37pes of capillary 
structure under conditions where no water-air menisci are formed in the wood is 
analysed. The movement of free water under drying conditions is shown to occur 
as a result of capillaiy forces created in the zone of the wood below the fibre-saturation 
point. This movement is not a true diffusion, but in the case of the drying of green 
wood, none of the fibre cavities of which are completely filled with water, the movement 
is such as to make it appear to be a diffusion phenomenon. 

Chief Division of Derived Produci^, 

Forest Prodttcts Laboratory,^ 

Forest Service U.S. Department of Agricidture, 
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For the purpose of this paper, leather may be considered as a very closely 
woven textile," in which the interstices are much smaller than in any 
artificial woven material. The leathers which will be described are all 

* Present address: Messrs. Courtaulds Ltd., Maidenhead, 
f Present address: The Chemical Laboratory, Teddington. 
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'‘light” leathers; the so-called “heavy” leathers, such as sole leather, 
will not be discussed. The arrangement and size of the fibres, and hence 
of the interstices, varies considerably according to the kind of animal from 
which the skin has been taken, the position on the animal and the nature 
of the tanning, pretanning and finishing. The closeness of the “ weave ” 
also varies across the thickness of the skin, this being most open on the 
flesh side, while as the grain (the outer surface of the skin after removal of 
the epidermis) is approached, the structure becomes more compact and the 
fibres less easy to resolve with the microscope. Numerous photo-micrographs 
illustrating the nature and range of this fibre structure are to be found in 
leather textbooks such as Wilson's The Chemistry of Leather Manufacture or 
the recent volumes produced by the British Leather Manufacturers' Research 
Association, Progress in Leath^ Science, 1920-1944. 

An intercommunicating network of capillary gives access from the grain 
to the flesh surface of the leather uninterrupted by physical barriers. The 
size and distribution of these interfibrillar spaces and the nature of the 
fibre surfaces are the dominant factors in determining the behaviour of 
leather to water and water vapour. In what follows, a summary will be 
given of an attempt to assess quantitatively the several capillary factors 
which make leather so satisfactory as a clothing material. It will be seen 
that its high porosity (fraction of total volume occupied by air spaces) and 
the small radius of its capillaries allow it to be given a high degree of 
resistance to the passage of liquid water while preserving its high water- 
vapour permeability. The two factors may be combined in such a way as 
to be exceptionally favourable for certain dothing (e.g., shoe uppers, leather 
tunics, gloves) where water must be exduded but perspiration allowed to 
escape. 

Water-vapour Permeability 

In general, measurements of the water-vapour permeability to be found in 
the literature are not in a form which allows the results to be expressed in 
absolute units as diffusion coefficients. This is because the diffusion of water 
vapour through the leather has been observed under conditions where a 
boundary layer of non-turbulent air of unknown effective thickness exists on 
one or either face of the leather. The thickness of this layer will have a time 
mean value,i depending on the wind-speed and the size and shape of the surface.* * 
Even with considerable wind speeds, thicknesses of the order of 0-25 to 0-5 cm. 
are to be expected. Thus Penman and Schofield * found it to be about 0*25 cm. 
in experiments involving evaporation from soil in open air. Babbitt ® in his 
experiments on fibre board found a residual resistance of the same order. It 
will be seen, then, that particularly with the more permeable leathers here 
described (see Table I), which have diftusion coefficients as high as one-fifth of 
that of the diffusion coefficient of water vapour through air, failure to allow 
for the boundary layer will give quite misleading results. This conclusion is 
also reached by Mitton,* who found elimination of the boundary layer by a 
vigorous air flow surprisingly difiSicult.” 

The method to be described was therefore designed to allow the effect of the 
boundary layer to be eliminated in the calculation. The arrangement was 
as follows. 

A 3-in. circle of leather rested on a 2 % agax gel inside a flat circular tobacco 
tin, this gel resting on a metal plate under which was a spring keeping the 
leather pressed against the lid of the tin. A circular hole, 2 in. diam., cut in 
the lid, determine the area of the leather exposed. A similar tin, containing 

^ Brunt, Physical and Dynamical Meteorology (1934), p. 261. 

* Powell and Griffiths, Proc, Inst. Chem, Eng., 1935,13,175, 

* Powell, Proc. Inst. Chem. Eng., 1940. 18, 36. 

^ Penman and Schofield, J. Agric. Set., 1931, 31,102. 

» Babbitt, Can. J. Res. A, 1939, 17, 15 ; Can. /. Res. A., 1940, 19, 90. 

* Mitton, J. Int. Soc. Leather Trades Chem., 1947, 31, 44, 
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a gel, but no leather, served as a control. The two were exposed side by side 
in a constant-temperature room and weighings of each made until the rate of 
loss of vrater had remained constant for about two days. The relative humidity 
of the room was recorded and the thickness of the leather measured after equi¬ 
librium had been reached. A value for the diffusion coefficient through the 
leather was then calculated by assuming that the effective thickness of the 
surface boundary layer of air, through which the water must diffuse to reach 
the turbulent air of known partial vapour pressure existing in the room, was 
the same over the gel in the control tin as it was over the leather. The vapour 
pressure on the side of the leather in contact with the gel was taken to be that 
of water, since the effect of the 2 % high-molecular-weight agar would be 
negligible. In making the calculation, it is assumed that the rate of transfer 
across any section is proportional to the concentration gradient at the section, 
and that the constant of proportionality (i e., the diffusion coefficient) is constant 
throughout the thickness ; that is, that Pick’s law holds. As in fact the value 
of D, the diffusion coefficient, will not be constant throughout the thickness 
the result obtained will be a weighted mean. The rate of evaporation was 
determined correct to i %, and the diffusion coefficients obtained were repro¬ 
ducible to within 10 %. 


TABLE I— Full-chrome Leather 


Leather 

/ 

(cm.) 

t 

(“c.) 

R.K. 

(%) 

1 % 

Porosity Moisture 
S atEqui- 

Ubnum 

X 10* 

W 

X 10* 

Do 

D 

D 

DJS 

B Army upper leather. 

0*292 

21*4 

62 

0*382 

22*0 

3*56 

0*972 

0*254 

0*054 

0*56 

G Army upper leather. 

0*274 

21*4 

62 

0*325 

20*2 

3-56 

0*77 

0*254 

0*037 

0*49 

1 Anuy upper leather. 

0*295 

21*4 

62 

0*357 

24*4 

3*56 

0*667 

0*254 

0*034 

0*35 

K Army upper leather. 

0*295 

21*4 

62 

0*280 

22*6 

3-56 

0 667 

0*254 

0*034 

0*48 

R Side, not embossed . 

0*302 

21*4 

62 

0*350 

23*8 

3*56 

I*2X 

0*254 

O‘o6o 

0*68 

s Side, not embossed . 

0*282 

21*4 

62 

0*375 

23*0 

3-56 

x*i7 

0*254 

0*068 

0*68 

T Side, embossed 

0*250 

22*4 

40 

0*402 

29 

6*67 

1*6^ 

0*257 

0*045 

0*45 

u Side, embossed 

0*282 

20*7 

66 

0*390 

21 

3*00 

0*8x4 

0*353 

o*05x 

0*52 

V Side, embossed 

0*249 

24 

54 

0*387 

20*7 

3*00 

x *59 

0*258 

0*058 

0*57 

w Side, embossed . 

o*o86 

21*1 

6x 

0*390 1 

1 19*2 

2*92 

0*967 

0*253 

0*054 

0*65 

X Box calf. 

0*070 

21*1 

6r 

0*405 < 

[ 35*8 

2*92 

2*06 

0*253 

0*067 

0*65 

Y Goat 

0*071 

24*0 

54 

0*405 1 

38 0 

5*00 

3*49 

0*258 

o*o8z 

0*78 


It was to be expected that the value of the porosity would largely determine 
the diffusion coefficient for a particular leather. Penman ’ has shown that the 
diffusion of gases through granular systems such as soils, sand and glass beads 
having porosities less fiian 0*7 is determined by the equation, D = o*66SDo 
where S is the porosity, D the diffusion coefficient of the gas in the granular 
system and Do its diffusion coefficient in air. The constant o*66 is an inverse 
measure of the tortuosity of the path which the gas has to take. It was of 
interest to see what values would be found for leather in place of this constant, 
in the hope that this would throw light on the mechanism of the diffusion.} 

Porosity determinations were, therefore, made at the end of each experiment 
on the leather which had reached equilibrium. The weight of the leather in 
air (a), in paraffin (&) (air being removed by evacuation at a pressure not low 
enough to cause loss of water), and again in air when still impregnated with 

paraffin (c), were determined. The porosity is then given by f In maTong 

c — 0 

this determination, the assumptions are made that all the air spaces are filled 
with paraffin and that the leather does not swell in this liquid. 

In Table I a number of results obtained for full chrome leathers are given. 
PF’o is the weight of water evaporating from the free gel surface in g./cm,*/s€C., 

’ Penman, J. Agric. Sci., 1940, 30, 437, 570. 

t The interest of comparing the results obtained with leather to Penman’s relation- 
sMp for granular systems was pointed out to the writer by Dr. R. K. Schofield in 1941* 
^ce this research was completed Dr. Mitton’s paper ^ appeared, where the relation^p 
is also discussed, but where no measurements of porosity are given. 
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and W the corresponding amount evaporating through the leather. It will be 
seen that the values of D are about one-fifth of the value for the difiusion 
coefficient of water vapour through air (Dq). In the final column are given the 

values for These range from 0-38 to 0-78, the average value being 0*55 

as compared with o*66 for Penman^s granular systems.* Considering what a 
much more complicated and varied geometrical system leather presents, the 
closeness of the agreement is of considerable interest and suggests strongly that 
the mechanism of difiusion is simply that of gaseous difiusion through the inter- 
fibrillar air spaces, while any difiusion through the fibres themselves is small. 
]Mhtton also comes to a similar conclusion, although he finds much lower values 

for In the case of vegetable-tanned hide belly leather, he claims the 

difiusion through the ** fibres is not entirely negligible.” Since he gives no 
experimental determinations of porosity, it is impossible to say how much the 

lower-lvalues are due to failure to remove completely the efiect of the boundary 

layer of air, and how much to the porosity being lower than in our experiments. 
(The porosity which we are concerned with in the equation is, of course, that 
of the leather after it has taken up water to the equilibrium condition.) 


TABLE II— Summary of Diffusion Results 


Type of Leather 

No. of 
Leathers 

Range of 
Grease 
(%) 

Range of D | 

Average 

D 

Raxgeof 

Average 

D 

D.S 

Full-chrome leather 

XI 

_ 

0*034 -o*o68 

0*048 

0*38-0*71 

0*55 

Full-chrome; duhbm added m Lab. 

13 

treatments 

5*6-23*8 

0*0030-0*025 

— 

0*09-0*55 


Semi-chrome Service upper leathers 

11 

11.8-22*1 

0*0077-0*035 

0*0194 

0*13-0*55 

0*33 

Service chrome with high grease content 

3 

18*9-29*6 

0*0054-0*015 

— 

0*20-0*41 

— 

Vegetable leather with high grease content 

2 

26*2—28*8 

0*0016-0*0045 

1 — 

0*21-0*32 

— 

Patent leather. 

4 

Low 

0*0006-0*0019 

1 0*0011 




In Table II a summary is given of all the leathers examined. These include 
a number of leathers where the grease content is much higher than in the full 


chrome leathers of Table I, where it is of the order of 2 %. The value of 


is not only lower in these leathers but was found to be more variable. This 
is probably because the grease is unevenly distributed, and so, instead of merely 
reducing tihe porosity, it also blocks some of the channels in the capillary net¬ 
work and so lengthens the path which the vapour has to traverse. Patent 
leather is included as an example of a leather whose surface is sealed with a 
layer of material of very low permeability. The effect of water-pigment finishes 
in reducing the permeability is considerably less than this. 


Penetration Pressures 

Ordinary vegetable-tanned leather is easily wet by water. On the other 
hand, leather can be prepared, for example, by chrome tanning, so as to be 
” non-wettable,” that is to say, having a high contact angle against water. 

Jf we consider the interfibrillar spaces as equivalent to capillaries, and if 0 is 
the contact angle made by the air-water interf^e against the wall of the capillary 
(the angle being measured in the water), then, where 0 is greater than 90®, 

the capillary depression will be given by j where y is the surface tension, 

r the radius of the capillary, p the density ^ water. So before water can enter 


* In calculating the diffusion coefficients it was assumed that the temperature of 
the gel and leather surfaces was the same as the room temperature. Actually the temp¬ 
erature of these surfaces will be between this and the wet bulb temperature. The 
mor thus introduced will not be large enough to effect any of the conclusions drawn 
in this paper, but it may be considerable for leathers of very low resistance, such as 
W, AT. and Y of Table I. 
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the leather capillaries a pressure has to be exerted which exceeds the pressure 
of a column of water of this height. It is possible to measure this penetration 
pressure, as in the case of textiles, and to use the values obtained as an indication 
of the degree of water-repellency. Leather, however, unlike evenly woven 
textiles contains capillaries of diherent sizes and the radii of these vary through¬ 
out their length. The penetration pressure will, therefore, be determined by 
the diameters of the bottle-necks in the largest capillaries. 

To measure the penetration pressure, a 2-in. circle of leather was clamped 
in a horizontal position in a simple apparatus which was constructed from a 
brass gas union. Pressure was applied to the water on the lower side of the 
leather by increasing the height of a column of mercury by 2 cm. per minute. 
(With some leathers, such as those heavily stuhed with grease, it was found 
necessary to apply the pressure more slowly to obtain results which were inde¬ 
pendent of the rate.) The pressure at which the first six drops appeared on 
the upper surface of the leather was taken as the penetration pressure. 

For full chrome leather, penetration pressures of 15 to 25 cm, of mercury 
frequently occur, but values as high as 40 cm. have been found. Such figures 
are much higher than those of ordinary textiles, and are possible because of the 
small radius of the leather capillaries. Generally, no directional effect was 
found, the same result being obtained whether the water entered from the 
grain or the flesh side. Measurements were generally made with the “water 
entering from the flesh side, in which position leaks round the side could be 
more easily prevented and the appearance of drops on the smooth grain side 
could be better observed. In some leather, however, a considerable directional 
efiect was found. The largest effect found was with a chrome-tanned side 
which gave 40 cm. Hg from grain to flesh and only 20 cm. from flesh to grain. 
For a particular method of tanning, if pieces from the same skins are used, 
it is found that the penetration pressure increases with the chromium content.® 
True penetration pressures (in one particular case) were only reached with 
2-75 to 3*0 % CrjOa, while increasing the CrgO 5 content from 3 to 7*5 % increased 
the penetration from 12 to 20 cm. Hg. The pressures obtained depend also 
on the method of tanning used. An extreme example was found by Pressley,* 
who showed that, if great care was taken to remove all free fatty acid from 
the pelt, it could be tanned under conditions which w^ould give 575 % CiaOs 
with the normal pelt and yet show no degree of water-repellency. Apparently 
a minimum of about 0*5 % free fatty acid on the weight of the skin is necessary, 
but further amounts have little effect. 

Vegetable-tanned leathers, which are normally easily wettable and show a 
negative penetration pressure, can be given a high penetration pressure by 
treating with aluminium soap. By treating vegetable-tanned Cape sheep-skins 
in this way, penetration pressures in the neighbourhood of 20 or 30 cm. Hg 
vrere obtained (Robinson and Beakbane, unpublished). This amount of 
aluminium which it was necessary to deposit before high penetration pressures 
were reached, was found to be considerably in excess of the amount to 
convert all the fatty acid used to aluminium soap. 

Treating chrome-tanned leather with aluminium soap may improve the 
water-resistance properties even where the penetration pressure is not greatly 
affected. This will be discussed in a later section. 

If grain and flesh splits from the same skins are tested, higher penetration 
pressures are, as would be expected, obtained with the more compact grain 
region. An interesting exception to this w-as found with a horse hide, where 
by removal of too much of the flesh side, very low penetration pressures were 
obtained (2 cm. Hg). The explanation was that the hair follicles (which are 
exceptionally deep in some parts of the horse*s hide) had been severed, and 
^ce the radii of these follicles are much larger than the radii of the Ingest 
interfibrillar capillaries, the penetration pressure was reduced by some ten times* 

® Bowes, Davies, Pressley and Robinson, /. Int, Soc. Leather Trades Chem , I947> 

• Pressley, J. Int. Soc. Leather Trades Chem., 1946, 30, 94. 
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Rates of Flow 


The radius of interhbrillar capillaries cannot be directly observed as in a 
textile, and even the eftective radius, which determines the penetration pressure, 
cannot be calculated unless a value for the contact angle is obtained (this will 
be discussed later). However, by determining rates of flow under conditions 

where Poiseuille’s law holds, it is possible to obtain a measure of where 

I 


n is the number of capillaries per unit area, y is their apparent mean radius and 
I the length. Where the thickness of the leather is constant, or is allowed for. 


TABLE III —Rates of Flow* and Penetration Pressures 




Pressure 

Thick- 

Rate 

Penetra- 



used 

ness 

cc./min./mm. 

tion 

No. 

Leather 

(cm. 

(mm.) 

at 50 cm. 

Pressure 



H.O) 

H ,0 

(cm. Hg) 


Fiill-chf 07 ne : 





20 

Box side .... 

25 

3*12 

i6-8 

19*5 

4 

Willow side 

50 

1*6 

8*32 

18-23 

21 

Side .... 

50 

1-93 

3*3 

— 

la 

Side, heavily stuffed . 

50 

2‘85 

0-51 

38 

lb 

Side, degreased 

50 

3-0 

0-043 

23-28 

22 

Goat .... 

50 

1*3 

4*94 

10 

22a 

Goat, glazed , 

50 

1*3 

1*30 

II 


Semi-chrome : 





23 

Split hide 

50 

2*9 

7*25 

— 

24 

E.I. kip .... 

50 

^*55 

8-55 

5 ' 5 - 6-5 

25 

Butt, unstuficd 

50 

2*94 

9*1 

10 

26 

Butt, stuffed . 

50 

2*73 

I-S3 

16-23 

6 b 

Buffalo side 

50 

3*09 

1*20 

13 

6 a 

Buffalo side, heavily stuffed 

50 

2*85 

0 



Vegetahle-ianned : 





27 

Split hide 

50 

2*65 

7*95 

Negative 

28 

E.I. Hp .... 

30 

2-t8 

7*2 

Negative 

29 

Unfinished calf 

50 

225 

12-2 

Negative 

30 

Sheep (gasmeter leather) . 

25 

0*90 

3*75 

15*0 


Fitll-chfOine gloving: 





31 

Horse .... 

50 

2*23 

47*5 

2-6 

32 

Cow .... 

50 

1*95 

47*0 

4-6 

8a 

Domestic sheep 

50 

1*75 

258 

I 

33 

Cape sheep 

25 

I'OO 

19*4 ! 

4—8 


Semi-chrome gloving : 





II 

Jiap 

Persian sheep (proofed) 
Persian sheep proofed). 

50 

1*50 

86*0 

4-6 


grain split 

50 

0*75 

49*2 

3*5 

ixbp 

Persian sheep (proofed). 





flesh split 

25 

0*70 

406 

— 

34 

E.I. sheep, grain split 

50 

0-78 

5*45 

— 

34 *» 

E.I. sheep, flesh split 

12-5 

0*77 

98*6 

— 

35 

E.I. sheep 

25 

1*00 

4*67 

11*5 

36 

E.I. sheep fgasmeter leather) 

25 

1*20 

2*1 

17-0 


and where n is not varied (e.g., where positional eflects can be allovred for), 
changes in the rates of flow may be interpreted as changes in the capillary radius. 

For these deterrmnations Ihe rate of flow must be uncomplicated by the 
presence of air-water interfaces. Air in the leather capillaries was therefore 
completely removed by immersing overnight in water under reduced pressure. 
With some leathers wetting was aided by a small amount of Lissapol C. The 
leather was then placed in a modifled form of the apparatus used for the pene¬ 
tration pressures, in which hoili sides of the leather were in contact with water. 
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When pressure was applied and water flowed through to the top surface of the 
leather, it was arranged that this water overflowed into a measuring vessel. 
The results were earned out at about 18® c. As we are dealing with values 
which vary by many times, temperature control was unnecessary. On plotting 
rates of flow against pressure, for both full chrome- and vegetable-tanned 
leather, no deviation from a straight line within the experimental error was 
found with pressures up to 50 cm. water (higher pressures were not investigated). 
It was assumed, therefore, that Poiseuille’s law holds for this range of pressure. 
The rates obtained were found to be reproducible. Since the leader was 
immersed overnight in water, the rates obtained are determined by the size of 
the capillaries where the fibres are swollen to their equilibrium condition. 

In Table III rates of flow, in cc./min. at 50 cm. water pressure are given for 
a wide variety of light leathers. The disc of leather was 2 in. diam. in all cases. 
In the 5th column is given the rate multiplied by the thickness, which might 
be expected to be nearly proportional to nr\ Finally, in the last column, the 
penetration pressures are given for adjacent pieces of leather. 

It will be seen that a very large range of rates of flow were obtained. The 
low results obtained with the stuffed leathers {i.e., those which had been drummed 
with molten grease) were to be expected as a consequence of the capillaries 
being partly filled with grease (compare corresponding decreases in porosity 
and water-vapour diffusion shown in Table II for other stufled leathers). The 
high rates obtained with gloving leather are indicative of the effects of choice 
of tannage, pretannage and skins in this very supple form of leather. 

As with penetration pressures, a directional effect was found. Eight pieces 
of full-chrome calf were tested grain to flesh and eight flesh to grain, all being 
taken from the same skin, randomised and tested once only. The average rate, 
flesh to grain, was 11*9 and grain to flesh 7*3. The standard errors were 2*17 
and I *60 respectively (due largely to positional effects). Repeated testing of the 
same piece of leather reduced the rate of flow. 

The variation of the rate of flow for different positions in the same skin was 
smaller than might have been expected, e.g., 11*0 to 2-0 cc./min. On the other 
hand, as will be seen from Table III, the rates for different skins, even when 
uncomplicated by stuffing, differ by as much as 200 times. The rate of flow 
through a grain split is very much slower than for a flesh split from the same 
skin. Thus (for a semi-chrome E.I. sheep-skin) the ratio of the average rate 
of flow for the flesh split to the average for the grain split was 19*4 to i. If 
it is assumed that both splits contain the same number of capillaries (a rather 
crude oversimplification) this would mean that the average radii of flesh and 
grain capillaries would be in the ratio of 2*i to i (actually the “ capillaries ” 
get much narrower as they approach the grain surface). 

From these brief remarks it will be seen that measurement of the rate of 
flow is a useful simple test for mapping the surface of skins and expressing their 

openness in figures. 

Contact Angles 

Sometimes when two leathers of approximately the same, fairly high, pene¬ 
tration pressure are compared, it is found that one is more easily wettable than 
the other when judged by some other test. (For instance, if a jet of water is 
allowed to impinge on the surface of the leather, the time required to wet the 
surface may be much longer for one than for the other. It was thought that 
measurement of advancing and receding contact angles might help to explain 
this. Preliminary measurements showed that ad v anci n g contact angles as 
high as 160® could be attained with leather. Since the contact angle of water 
against paraffin wax is only io8®,i® ^ seems that these high angles can only be 
explained by the theory of Cassie and Baxter who have shown that very high 
effective contact angles can be obtained for a grid-like structure as in the case 
of a duck’s feather. They showed that if the grid is composed of cylindrical 
fibres of radius r, and if y is half the distance between their centres, then, 

Sumner, Wetting and Detergenf^, (Harvey, I937)i P- 45 
^ Cassie and Baxter, Trans, Faraday Soc., 1944. 4o» 54^- 
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for a given fibre contact angle 0^, the effective advancing contact angle 0i, will 
become higher as increases. A similar relationship holds for the depend¬ 

ence of the effective receding contact angle 6 w on the receding contact for the 
fibre and In this way not only can high values Ojj, be accounted for, 

but also values of 02) above 90°, even when 0 ^ is below 90®. Cassie and Baxter 
applied the theory to woollen yams and it would seem that the same explanation 
must apply, qualitatively, to leather. 

The method of measuring the contact angles was essentially the plate method 
of Adam and Jessop, with the important difterence that when measuring 
advancing and receding angles greater than 90°, the point of rotation of the 
arm to which the strip of leather was attached was below the level of the liquid, 
while for angles of less than 90® it was above the liquid. This allows all 
advancing angles to be measured when the leather is entering the water on 
rotating the arm, and all receding angles when the leather is leaving the water. 
The angles were read to the nearest 5®. Angles lower than 15® could not 
be read. 

TABLE IV —Contact Angles and Penetration Pressures 


No. 

Leather 

Advancing Con¬ 
tact Angle 
(degrees) 

Receding Angle 
(degrees) 

Penetra¬ 

tion 

Pressure 
(cm. Hg) 

Grain 

Surface 

Flesh 

Surface 

After 

2 min. 

After 

10 min. 

After 

20 rain. 


FttU'Chrome: 







la 

Heavily stuffed side • . , , 

105 

150 

ea. 90 

80 

70 

18, 21 

lb 

Heavily stuffed side, degreased 

140 

150 

20 

20 

20 

31-5 

4 

Willow side, unfinished 

X 20 

z6o 

<20 

<20 

<20 

21*5, 20 

4 P 

Willow side, proofed .... 

130 

x6o 

45 

30 

30 

25 - 5 , 25 

5 

Calf, unfiiusbed. 

130 

160 

30 

<20 

<15 

15 * 5 , 15-5 

5 P 

Calf, proofed. 

140 

165 

60 

45 

40 

21, 23 


Semi-chrome: 







6a 

Buffalo, very heavily stuffed 

105-110 

60 

60 

50 

40 

— 

66 

Buffalo, not stuffed .... 

ISO 

35 

35 

30 

20 

13-0 

6c 

Buffalo, degreased .... 

105 

20 

35 

20 

20 



FttU-ckrome: 







8 

Domestic sheep. 

90 

z6o 

30 

<20 

<15 

1*0, 1*0 


Domestic sheep, proofed 

Cape sheep, 5 % fat liquor, thus: 

IS 5 

165 

40-35 

30-25 

25 

io* 5 i ii'O 

zoa 

65 % mineral oU, 35 % sulphated cod oil 

ISO 


50 

40-30 

40-35 

13, 16 

loop 

65 % mineral oil, 35 % sulphated cod 








on, proofed 

150 


75-70 

60-65 

50 

13*5,18 

16b 

100 % sulphated cod oil . 

130 


40 

25 

<15 

7-0,11 

IO&/> 

100 % sulphated cod oil, proofed . 

140 


60-75 

55-65 

40-55 

II, 17 

IOC 

10 % sodium oleate, 90 % neutral cod off 

135 


40 

40 

40 

5.7 

lOCp 

10 % sodium oleate, 90 % neutral cod 








oil, proofed 

150 


60-75 1 

60-65 

50-55 

— 


Semi-chrome .• 








Persian ^eep, ttun grain split (proofed): 







XI^ 

Grain surface. 

130 


60-70 

45 

40 

— 

xibp 

Flesh surface. 

160 


>90 


25-ao 

— 


Baxter and Cassie recommend that a measurement of the rate of fall of 
the effective receding contact angle with time as a test of the water-repellency 
of yams. In their test the yam was withdrawn slowly from the water by a 
highly geared mechanism and the time required for the angle to reach 90® was 
noted. Such an apparatus was not available, but some measurements of 
receding contact angles after 2, 10 and 20 min, immersion were made. The 
drop in receding contact angle to comparatively low values which is found 
here, and which was observed by Baxter and Cassie, is due to film fonnation 
across the air spaces between the fibres. Baxter and Cassie liken this to the 
formation of a film of water across a small wire loop, the stability of which will 
depend on the value of the receding contact angle and its area. Whether or 
not a film forms on such a loop is found to depend on the time of immersion. 
If, after a certain time of immersion, films form, bridging the spaces between 


^ Baxter and Cassie, /. Textile Inst, 1945, 36,167, 
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the fibres of a yam, the efiective receding contact angle will drop to a value 
below that of the receding contact angle for this fibre, as the air-fibre grid is 
replaced by a water-fibre grid. This seems to be also the mechanism in the 
case of leather. 

In Table IV, advancing and receding contact angles are shown for a number 
of leathers, together wdth the corresponding penetration pressures. Each of 
the values given is the average of at least three readings obtained from separate 
pieces cut from adjacent positions in the skin. A number of pomts, all m 
accordance mth the assumption that the qualitative aspects of Cassie and 
Baxter’s theory hold for leather, are brought out on examining these results 

(1) The advancing contact angles are much higher than could be accounted 
for without Cassie and Baxter’s theory. 

(2) The fiesh side of the leather always showed higher advancing contact 
angles than the grain. This can be understood since the more open structure 
of the fiesh side would give rise to a higher efiective contact angle. Similarly, 
“ buffing ” the grain (removing the smooth surface by abrasion) increases the 
advancing contact angle. 

(3) Putting a large quantity of grease into the leather decreased Gj,, while 
the removal of a large quantity of grease increases it. This efiect is evidently 
due to the grease filling the interstices and so reducing the efiect of structure 
in increasing G^). 

(4) In all cases where the advancing contact angle was high the receding 
contact angle was much lower. Treating leather with aluminium soap (referred 
to in Table IV as proofing) as w’ell as somewhat increasing the advancing 
contact angles had a marked efiect in decreasing the fall in the receding contact 
angle with time. These treated leathers were much more resistant to wetting 
(as judged, for instance, by the jet test). Quite apart from any possible practical 
value of the aluminium soap treatment itself, the results indicated that the measure¬ 
ment of the fall of receding contact angle with time would be a useful test for 
water-repellent leathers. 

The high advancing contact angles for fiesh side and “ bufied " grain side 
are not an indication of these surfaces being more water resisting, and it is 
much easier to wet the fiesh surface by rubbing in a drop of water. This is due 
to film formation taking place more readily amongst the more widely spaced 
fibres and leading to progressive penetration of the water. This is in accordance 
with the more rapid fall of the receding contact angle and the greater rates of 
flow shown by a flesh split. 

No one test then seems to be able to assess the water resistance of leather, 
but measurements of penetration pressure, rates of flow and contact angles 
can give a very good indication of how the leather will behave. 

Behaviour of Single Drops 

A good deal of information can be obtained by gently placing single drops 
of water on the surface of leather. The shape taken up will depend on the 
contact angles and, if the leather is tilted, the drop in running down the slope 
will assume a shape which is determined by both advancing and receding angle. 
These angles can be estimated to, say, 15®. This may be illustrate from 
some of the leathers described in Table IV. 

8 and Sjp,—^A drop on 8 at first shows a contact angle greater than 90®, 
but this falls rapidly and the drop wets the leather. The penetration pressure 
is here negative. With the proofed leather, Sp, a drop remains on the surface 
and continues to show an angle greater than 90®. On tilting, it runs down 
showing a receding angle of 35®. 

10a and 106 .—^A drop remains on 106 without darkening, but pushing it gently 
to one side at once causes darkening beneath it. This is in accordance with 
the low receding contact angle which can be seen on tilting. The ease of wetting 
is greater than would be expected from the penetration pressure. loa shows 
no wetting, even when disturbed, and a higher receding angle when tilted than 106, 
There is no darkening in its wake as with xob. On proofing lob (lobp) it behaves 
as zoa. 

llap and ll6p. —The contrast of flesh and grain surface is here instructive. 
On the grain surmce, nap, a drop does not wet, even when it is gently rubbed. 
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The receding angle shown by tilting is not greater than 90®. On the flesh 
surface, iihp, the drop rolls rapidly down the surface like a drop of mercury 
on glass, showing that the receding angle is greater than 90°. This “ pearling ** 
does not, however, mean that the leather is more difficult to wet, for on gentle 
rubbing the drop at once enters the leather, leaving a wet surface. The explana¬ 
tion can again be found in Table IV. Since the imtial receding angle is greater 
than 90° the drop rolls rapidly off, and the drop does not wet, since the 


time of contact is not long enough. This higher initial receding angle is 
presumably due to a higher value of -—I—, than on the grain surface. On the 


other hand, the easier film formation on the flesh surface allows the drop to 
be rubbed in more easily than on the grain surface, thus corresponding to the 
greater fall in the receding angle. 

The general impression, tiien, obtained from the evidence at present 
available, is that for a leather to be most water resistant, it must not only 
have a high penetration pressure (which is favoured by a high advancing 
contact angle and small radius of the capillaries), but a high receding contact 
angle which does not decrease rapidly with time. It would seem that 
measurements of the receding contact angles, and their rate of decrease, may 
prove in future to be of value in supplementing penetration-pressure measure¬ 
ments. But even if such quantitative measurements are not made, careful 
observation of the behaviour of drops on the surface of the leatiier will 
greatly reduce the chance of misleading conclusions being drawn from the 
penetration-pressure measurements. When supplemented with such obser¬ 
vations, the penetration-pressure determination remains the best single 
test at present available for the water resistance of light leathers. 

We wish to thank the Director and Council of the British Leather Manu¬ 


facturers’ Research Association for permission to publish this paper. 


GENERAL DISCUSSION 

Dr. D- J. Crisp {Cambridge) said : By a slightly different treatment to that 
given by Dr. Cassie in his opening remarks. Dr. Thorpe and I have shown ^ 
that the penetration pressure theoretically required to force a liquid between 
an array of cylindrical hairs or rods is positive as long as the contact angle 0 is 
finite, but tends to zero as 0 approaches zero.^* In practice, however, this is 
unlikely to be true because such an array must be supported beloiv, and any 
point of contact of the cylinders with supporting structures is bound to be a 
point of weakness tending to draw the meniscus down and to cause spontaneous 
wetting before 0 reaches zero. 

It should also be noted that if the rods are irregularly spaced, the minimum 
pressure required to wet the fabric will be that derived from the application of 
eqn. (18) and (19) * to the largest spaces separating the cylinders; hence the most 
efficient system for a given number of hairs per unit length will be the regular 
one with equidistant hairs. 

However, another important factor is involved here. If forces are resolved 
horizontally in Fig, 3 * it will be noted that there is a force, A^y(i + sin p) 
acting along AB on esuffi side of the hairs. These forces are normally balanced. 
If one of the hairs is displaced towards another while the penetrating pressure 
is maintained constant, the radius of curvature R is also constant, and the angle p 
will diminish with 1 . Hence the force on this side of the hair decreases, while it 
increases on the other side, with the result that the hairs are drawn together. 
In other words, if displaced beyond the limits of the normal elastic restoring 
force, the system is unstable and the hairs tend to clump together, weakening 
the water resistance. It is therefore necessary to consider the rigidity as well as 
the spacing of hairs in assessing the waterprooffng qualities. 

1 Thorpe and Crisp, /. ExfU Bioi.t 1947, 94,256. 

* Crisp and Thorpe, this Discussion. 
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It is interesting in this connection that one of the groups of waterproofed 
plastron-bearing insects, the Elmidje, have rather flexible hairs which can be 
seen readily to mat together in this way. The insect spends considerable effort 
overcoming this tendency by combing or grooming the hairs into a regular 
pattern.® 

Dr. W. W. Barkas [Princes Rishorough) said : Dr. Cassie has shown how the 
penetration pressure of water through a fabric is finite for all angles of contact 
between 0° and 180° and that there is no special importance to be attached to the 
90® contact angle. In the figure he has drawm on the board Dr. Cassie represents 
the cross-sections of two fibres by circles and shows the position of the meniscus 
for 0° and 180® contact angles. Will Dr. Cassie explain what happens when 
there are three fibres (i e. two spaces) ? Do not the menisci from the two holes 
coalesce at a contact angle of 90® and thus give penetration there ? 

Dr. A. B. D. Cassie [Leeds) said : In reply to Dr. Barkas the ideal of equally 
spaced fibres in one plane is seldom, if ever, attained in practice. Penetration 
always occurs between two fibres with an abnormally large spacing, so that the 
penetration pressure is virtually determined by the system discussed in the 
paper. 

Dr. G. S. Hartley [Harstc/n) said: With regard to Dr J. M. Preston’s remarks 
on migration of water during the drying of a textile fabric, I agree with Dr. Barkas 
that thermal migration seemed the most likely explanation of liquid flow to the 
hot plate. 


Mr, D. K. Ashpole [Backing) said : The “ critical ” moisture values obtained 
when drying textile materials have been mentioned by Dr. J. M. Preston, and 
Dr. Barkas has referred to the moisture sorption characteristics of wood and has 
indicated that he expected the hysteresis loop to be open at saturation. I 
should like to add to the Discussion on 
these points. 


Figures quoted for the saturation 
regain ♦ of textiles, and in particular 
viscose, show very considerable differ¬ 
ence from the values of the moisture 
absorbed from liquid water (the ** im¬ 
bibition ” value). The maximum 
saturation regain value obtained by 
Urquharr and Eckersall* for viscose 
was 46 % whilst the swelling in liquid 
water is generally given (e.g. Hermans ®) 
as about 90 to 100 % moisture absorp¬ 
tion on the dry weight. These lajge 
difierences must represent failure in 
obtaining a completely saturated atmos¬ 
phere when claimed, since it is thermo¬ 
dynamically impossible to have difierent 
amounts of moisture absorbed from 
the sauiated vapour phase and liquid 
water. 
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Fig. I. 


Experimental work (which is being continued) carried out in these laboratories f 
has confirmed this obvious conclusion. The equilibrium moisture absorption 
for viscose has been determined at several points in the 99*0 to ioo*o % r.h. 
range by a new technique taking special precautions to maintain constant 
temperature and at the same time providing conditions for an optimum rate 
of (riffusion of vapour between the water surface and the viscose fibres. The 


* Thorpe and Crisp (in preparation). 

* Urquhart and Eckersall, J. Text, Inst,, 1932, as, T163. 

® Hermans, Contributions to the Physics of Cellulose Fibres (Elsevier, 1946), p. 6, 

* The regain is the moisture held expressed as a percentage of the dry weight, 
t Textile Research Laboratories, Courtaulds Ltd., Boddng, Braintree, Essex. 
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maximiiin cyclic variation of temperature was of the order of 4 x 10 ®c. The 

results obtained are given in Fig. i. It may be seen that the curve obtained 
is quite smooth and cuts the ordinate at 100 % r.h. sharply with no tendency 
to be asymptotic. 

The value of 85 % as the true saturation absorption regain lor the viscose 
sample used was checked against the imbibition value by a method standardised 
in these laboratories. Approximately 0*5 g. of dry viscose is soaked in distilled 
water for 10-15 min. and then centrifuged in a closed tube over water at 1000 g. 
for 5 min. The values of imbibition so obtained repeat within dz i % moisture. 
The imbibition value obtained in this case was 83 %. These results not only show 
the agreement between the moisture absorbed from the saturated vapour and 
liquid phases but also show that the hysteresis loop must close at saturation. 

The actual figures quoted will only apply to the particular sample of viscose 
used in these experiments since the imbibition is modified by the history of the 
sample subsequent to spinning, especially the manner in which, and the number 
of times, it has been dried. Special treatments (e.g. a urea-formaldehyde, 
crease-resist treatment) can reduce the imbibition—^and the saturation regain— 
to about 35 to 40 %. 

The results of this investigation completely clear up the much quoted ® ’ ® 
anomaly known as Schroeder’s * paradox. This phenomenon concerns the 
observed loss in weight of a gel, which had been swollen in liquid water, when 
it was placed in the so-called saturated vapour space over liquid water. 

Another point which is clarified as a result of this investigation is the work 
carried out by Preston and Chen on critical moisture contents. In Fig. 2 
of their paper they plot the variation of temperature with time of a flannel 
being dried by radiant heat. After an initial temperature rise corresponding 
to heating conditions, the temperature remains fairly constant for a period, after 
which it again rises steeply until the fabric is completely dry when it reaches 
a new higher constant value. They consider the critical moisture content 
to have b^n reached at the intersection of the straight lines drawn through the 
lower temperature plateau and the second temperature rise period. The actual 
temperature curve plotted shows no sharp break but a smooth curve joining the 
two straight portions. This is a real eftect and the point (if it could be found) 
at which a deviation from the linear plateau occurred would represent the true 
critical moisture condition corresponding to the true saturation regain The 
correspondence noted by Preston and Chen between their figures for critical 
moisture content and the previously published saturation regains is largely 
fortuitous. 

Dr. W. W. Barkas (Princes Rishorough) said: Mr. Ashpole rightly stresses 
the importance of the surrounding vapour pressure in determining the diying 
which will result from centrifuging hygroscopic solids. It is none the less 
possible to remove adsorbed water as well as capillary water from these materials 
by centrifuging even in a saturated atmosphere, because the compressive stress 
set up in the solid, when it is forced against the end of the tube, is sufficient to 
raise the vapour pressure of the material above saturation. It therefore loses 
moisture and after removal from the centrifuge exerts a vapour pressure less than 
saturation. Conversely, if a solid is centnfuged when attached at the end 
nearer the axis (as in a wooden air-screw) it will be in tension and tend to adsorb 
moisture from the surrounding air. In both cases the moisture content decreases 
with increasing distance from the axis and does not change at the free end. If 
the solid is coated with an impervious skin, a redistribution of moisture will 
occur without exchange from the outside air. The ordinary theory of centrifug¬ 
ing, which deals with particles suspended in a liquid, is not sufficiently genei^ 
to cover the centrifuging of hygroscopic gels. 

Dr. R. K. Schofield {HarpenderC^ said: I have no reason to doubt that ordioary 
mineral soil can be brought to complete saturation from the vapour phase. 

• Freundlich, Colloid and Capillary Ckemisiry, 1926, p. 672. 

’ Katz, Trans, Faraday Soc., 1953, 29, 283. 

• Bancroft, J, Physic. Chem., 1912,16, 395. 

• von Schroeder, Z. physik, Chem., 1903, 45,109. 

Preston and Chen, J. Soc. Dyers Col., 1946, 6a, 361. 
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Dr. Davidson and I observed uptake from an atmosphere at 99*97 % R.H. by 
salt-free soil that had been saturated and drained with the aid of a suction ** 
of I atm. It was confirmed that this sample was in equilibrium with an 
atmosphere of 99‘93 % as required by thermodynamics. In the case of mineral 
soils the contact angle appears to be zero or very small. I think it is only when 
the contact angle is zero that we can argue from thermodynamics that the 
state of saturation must be the same whether this is obtained by absorption 
from the vapour or the liquid (air and other gases being excluded) At the 
same time, I share wnth Mr. Ashpole the suspicion that many statements found 
in the literature are unreliable on account of faulty experimental technique. 

Mr. D. K. Ashpole {Booking) {communicated) : Dr. Barkas correctly observ’es 
that the imbibed moisture as distinct from the surface water can be removed 
by the hydrostatic pressures produced in centrifuging. This effect is the coroUary 
of the swelling pressure which was first put on a quantitative basis by Katz 
in 1918. The conditions of centrifuging w^ere so chosen in our standardised 
procedure that the maximum reduction of absorbed moisture due to the hydro¬ 
static pressure is only of the order of 1-2 % as calculated from the equation 
given by Katz.^i Hence the agreement of tiie imbibition by centrifuging and 
the true saturation absorption as obtained in our experiments to within 2 % 
moisture goes far to substantiate the postulation that the hysteresis loop closes 
at saturation. 

Dr. W. W. Barkas {Princes Risborough) {communicated) : In reply to Mr. 
Ashpole, I do not agree that “it is thermodynamically impossible to have 
different amounts of moisture absorbed from the saturated vapour phase and 
liquid water.” Firstly if, as a result of wetting, the material suffers an irrever¬ 
sible change, it may have a different equilibrium moisture content, just as a lump 
of putty can support the same load at different equilibrium displacements if it 
has suffered a plastic deformation (from any cause) between successive readings. 
This is not the case for a lump of elastic steel. Secondly, hysteresis in sorption 
is now generally recognised as an empirical reality no matter how much we 
may squabble about its explanation. None the less, can it not equally well be 
argued that it is “ thermodynamically impossible ” for different amounts of 
water to be sorbed at any single vapour pressure other than saturation ? 

Thennodynamics can be applied to irreversible as well as reversible sorption 
systems provided an elastic substance of known compressibility, such as water 
vapour, is used for measuring the work done ; just as the w’ork done in the 
plastic deformation of putty can be measured, provided an elastic spring of known 
compressibility is used for measuring the applied stresses. It is tiie spring, 
not the putty, that we must be able to return to its initial state. 

This is not intended to cast doubt on the results of Mr. Ashpole*s very interesting 
and exact measurements of the absorption of viscose at high relative humidities. 

Mr. S. Baxter {Wrexham) {communicated) : Bartell, Purcell and Dodd do 
not appear to be familiar with the work done in this country on the water 
repellency of porous surfaces.^* They consider water-repellent textiles in 
terms of WenzePs theory which is inapplicable in this particular case, as the water- 
air component of fabric-water interf^e is ignored. It is probably the higher 
value of this component in the case of cotton cloths, as compared with Nylon 
cloths, which gives the greater increase in apparent contact angle. 

The definition of water repellency in terms of the solid-water contact angle is 
erroneous as porous structures can be highly water repellent for any finite contact 
angle. 

The contact angles determined in these investigations are the apparent 
advancing contact angles for the yams comprising the fabric and are in no way 
a measure of the efficiency of the water-repellency treatment, unless the yam 
Structure is identical for each fabric tested as appears to be roughly the case 
here. The methods adopted by these authors would break down completely 

“ Katz, KoUoidchem, 1918, 9, 106 (through Freundlich, Colloid and Capilla/ry 
Chemistry, 1926, p. 677). 

“ Cassie and Baxter, Trans, Faraday Soc,, 1944, 40, 546. 

“ Baxter and Cassie, /. Text, Inst,, 1945,T67. 
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if used for fabrics of widely difterent structure, as the value of the angle measured 
by them, 04, is more dependent on yam structure than the water-repellency 
treatment given. 

The view that a tightly woven structure is necessary for good water repellency 
is exploded by the duck*s feather which is both highly porous and highly water 
repellent. Also highly porous fabrics can be made which have good water- 
repellency characteristics.''* 

Dr. G. S. Hartley (Havston) said: Arising out of the paper of Dr. Stamm, 
I would ask Dr. Barkas whether in the examination of permeation of a composite 
material where both vapour-phase and liquid-phase diffusion may contribute, 
the idea had ever been tried of replacing the contained air by, say, hydrogen. 
If this could be done without structural damage, the vapour-phase diffusion would 
be accelerated by a known amount while the condensed-phase diffusion would be 
unaffected directly, although affected indirectly by the redistribution of concentra¬ 
tion produced by the vapour-phase acceleration. In this way, a means of 
assessing the relative contributions of the two processes might be available. 

Dr. W. W. Barkas {Princes Risborough) said: In reply to Dr. Hartley, as 
far as I know, no experiments of the type Dr. Hartley suggests have been made, 
in which the air was replaced by another gas during drying. There would be 
no difi&culty in doing this and it would be interesting to see whether the results 
could be used to differentiate between flow in the vapour and in the adsorbed 
states. We have measured the rate of flow of water vapour through wood at 
constant vapour pressure difference and var3dng surrounding air pressures, 
but it is doubtful whether such data can be used to calculate the relative rates 
unless the mechanism of flow of vapour and air through the complex void structure 
of wood is understood. This is at present far from being the case. 

Mr. S. Baxter {Wrexham) {communicated) : The method of assuming that 
the boundary layer of still air to be the same over the leather as over the gel 
as used by Robinson et ah is not to be recommended as the thickness of the 
boundary layer is very dependent on the nature of the surface. Values of the 
boundary layer thickness formed with a variety of textiles under air conditions 
comparable with those used by Robinson, Topp and Beakbane are given in the 
Table. 


Material used. 

D 

Diffusion Coeff. 
through Fabric, 

M 

Sur. Coeff. 

Diff. Coeff. 
through Air. 

D^jM 

Bound. Layer 
Thickness cm. 

Proofed blanket .. 

0-25 

0*20 

i 0*27 

1-35 

Proofed serge 

1 0-12 

0*42 

0*27 

0*64 

Proofed gabardiae.. 

1 0-067 

1 

0*39 

0*27 

0*69 

Proofed overcoating 

( 0*20 

1 

0-35 

0*27 

0*77 


It is seen that the boundary layer thickness varies considerably with surface 
structure and the method of using a flxed value for all leathers may lead to serious 
error especially if the thickness of the leather samples used is comparable with 
the boundary layer thickness. 

Dr. I. W. Wark {Melbourne) said : Dr. Barkas has referred to the fact that 
drops of water may sit on a solid surface even though when rubbed in they wet 
it readily. This is but the old difi&culty that a system does not necessarily reach 
equilibrium when left to its own devices. Similar phenomena occur in flotation. 
Even though a submerged solid surface may be in such a condition that an air 
bubble can adhere to it, a bubble which presses on it does not necessarily effect 
immediate contact. There is in fact an induction period before true contact 


Baxter, /. Text, Inst,, 1946, 37, T39. 
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ensues, and Sutherland considers that the inefficiency of the process is largely 
dependent upon the finite nature of this induction period. 

Might I take this opportunity to draw attention to the unsatisfactory state of 
affairs with respect to use of the terms hydrophobic, oleophobic and hydrophilic. 
This has arisen, I suspect, from the fact that in a capillary tube air will displace 
water if the contact angle exceeds 90® ; water will displace air if the contact angle 
is smaller than 90®. This capillary phenomenon has given to the angle of 90® 
a greater significance than it deserves in studies of wetting. 

On paraffin wax, which is considered a very hydrophobic surface, the angle of 
contact is ca, no®. The surface has affinity both for water and for air, and it 
would be accurate to say that it is more hydrophobic than hydrophilic. Where 
the contact angle is specified there is no confusion. However, many writers use 
the term hydrophilic to imply a contact angle of 0° and the term hydrophobic to 
imply a finite contact angle because this means that the surface may be water- 
repellent in the sense used by Cassie, or amenable to flotation in the way I have 
described in my earlier contribution to the discussion. We cannot have it both 
ways, and I would suggest that the term hydrophobic be reserved for surfaces 
at which the contact angle exceeds 90®. Where the angle is under 90° but exceeds 
zero, the surface might be described as predominantly (but not completely) 
hydrophilic. For o® one might use the term, completely hydrophilic. So far as 
I know, there are no known cases where the contact angle equals 180° : if there 
were, we might speak of a completely hydrophobic surface. 

Dr. W. W. Barkas [Princes Risborough) [communicated) : In reply to Dr 
Wark, I should say that “ the water drop sitting on the solid surface ” has reached 
equilibrium under the conditions then operative. If these conditions are changed 
by rubbing the water into the surface, then a new set of conditions has led to 
a new and different equilibrium. The conditions may, of course, be slowly 
changing with time, but, in that case, the drop will finally reach equilibrium 
even if ** left to its own devices.*' 

Dr. J. M. Preston (Manchester) said : Dr. Henry considers the diffusion of 
heat and moisture through moderately dry textile materials, but it may also 
be of interest to mention some observations which have been made on moist 
materials. It was observed that two large and distinct temperature waves travel 
through a moist textile material during drying processes.^* 

The temperature distributions at successive times through the mass of a textile 
material being heated from one side are shown diagrammatically in figure 2. 
At any point in the material, there is first a rise, then a fall and, fin^y, a second 
rise of temperature, as the two temperature waves travel successively from the 
hot side towards the cool one. 



o —► 0 —- 0 -- 0 -- 

D/s/artce from source of heat throu^ the textile moteriah 


Fig. 2. 

The first stage of this process is found to be associated with a marked migration 
of solute (if any is dissolved in the water present) in the direction of the souzce 
of heat. When the textile is quite moist and the drying is rapid, the migration 
of solute can be so marked as to remove it completely from those regions furthest 
from the source of heat. The phenomenon is observed equally, irrespective of 
the manner in which the heat is supplied, provided it is applied locally by 


Pieston and Chea> /. Soc, Dyers CoU^ I949« ^ 
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conduction, convection or radiation, but is not observed when the heat for drying 
is supplied homogeneously by high frequency waves. The migration phenomenon 
has only been observed as yet when the moisture content exceeds the usual satura¬ 
tion values for water vapour. The phenomenon is not confined to water or to 
porous fibres. It is also seen when organic liquids and glass fibres are substituted 
for them. 

These and other considerations indicated that the first temperature wave we 
observed was caused by a cycle of distillation and condensation processes. In 
these, vapour moves away from, and liquid towards, the source of heat. The 
extraction produced by the latter part of the cycle causes the migration of 
solute towards the source of heat. As the material dries through the transfer 
of moisture away from the source of heat the distance the liquid has to travel 
lengthens, there is an increasing resistance to the maintenance of this cycle, 
and diffusive heat-transfer mechanisms on the lines of those discussed by 
Dr. Henry must operate alone. These require a greater temperature difierence 
for a given rate of heat transfer. There is thus a fall of temperature as the heat 
is being removed on the cooler and damper side by an additional and easier 
mechanism. When finally the material dries throughout, the liquid-vapour 
heat-transfer mechanism previously operating on the cooler side of the material 
is eliminated and the temperature rises once more. 

Dr. R. K, Schofield (Haypenden) said: The development of salt incrustations at 
the surface of saline soils is another example of the kind of behaviour described 
by Dr. Preston. I feel sure that Dr. Preston has given essentially the correct 
interpretation to his observations. 

Mr. K. J. Nieu'wenhnis (Delft) (communicated) : The two equations for the 
penetration pressure of a liquid into a capillary, before and after the liquid 
surface has passed a constriction, which were given in Prof. Adam’s paper, can 
be written as one equation, if the angles of inclination of the capillary walls are 
always measured clockwise from the normal on the general direction of 
flow of the liquid (i.e. the normal on the axis of rotation of the capillary) (Fig. i a, 
P. 8.) 

Then 9^ =s 9 

9, = (100° - 9) 

and 9 varies between o and 180° before and after the liquid surface has passed 
the constriction. 

p. ^ ± ..?) . . . .(c) 

Pi>o, when 6^ -f- 9<180® 

Pi<o, when 6^ + 9>i8o® 

Pi = o, when 6^ + 9 ~ 180® 

This means that when o<0j^<9o®, the penetration pressure can be zero or 
negative, only after the liquid surface h^ passed the constriction. When 
90®< 6^< 180®, the penetration pressure can be zero or positive, only before 
passing the constriction. 

The way in which pi is influenced by 0 ^ is rather curious. 

hpi _ cos (6^ + 9) 

604 y 

Therefore, when o<64<;9o®, an increase in the value of 0 ^ means an increase 
in the (positive) value of the penetration pressure for values of 9, limited by 

o<9<(90® — ej 
and a decrease in the penetration pressure, when 

(90® - 04)<9<i8o®. 

However, when 90®<6,,<i8o®, 

an increc^ in the value of 0^ means an increase in the (negative) value of the 
penetration pressure (which therefore becomes less strongly negative), for values 
of 9, limited by 

. (270° — 
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and a decrease in the penetration pressure when 

o<9<(27o° — ej. 

In order to investigate the influence of the value of on the value of we 
have to take into account that 0 ^ also depends on the value of We can Tsuite 

cos 

n 

because, strictly speaking, eqn. (c) is no longer valid when spreading occurs 
(yi,-<ys — yis)# as in that case cos 0^ and sin 0^ do not have any mathematical 
meaning, and 0^ has no physical meaning at all. 

Therefore ^ jcos 9Vn* — (y. — VuV + 9(y> — n»)j < 

and ^ _ 2 /i, cos 9 

y-v/n* — (ys — yi*)® 

A decrease in the surface tension of the liquid always involves a decrease in 
the penetration pressure before the liquid surface has passed the constriction 
(o< 9 <90°); it always means an increase of the penetration pressure, after the 
liquid has passed the constriction (9o®< 9< 180°). These are exactly the results 
one should expect also from a qualitative point of view. Before the liquid 
surface has passed the constriction, the free surface area of the liquid decreases 
as the liquid flows on; after having passed the constriction, the free surface 
area of Ihe liquid has to increase again. It should be noted also that with 
capillaries of constant bore (9 = 90°) the penetration pressure is completely 
independent of the surface tension of ihe liquid, in this case, where yj, >^8, 
quite in accordance with eqn. 

The above calculations have some importance with regard to the penetration 
of solutions of surface active compounds into porous materials (e.g. textiles). 
On penetration, the solution is eadiausted, as the surface-active compound is 
adsorbed on the walls of the capillary. Before the liquid surface passes the 
constriction this exhaustion is coimteiacted by the fact that the free surface 
area of the liquid decreases. After the liquid surface has passed the constriction, 
the surface tension of the liquid will rise, not only because of the increase in the 
solid-liquid interfacial area, but also because of the increase in the free surface 
area of the liquid as the liquid flows on. 

Therefore the rate of di^sion of the surface-active substance to the “ penetra¬ 
tion front” (the foremost layers of the penetrating liquid within the capillary) 
will have great influence on the surface and interfacial free energies, and 
consequently on the actual value of the penetration pressure too. 

In his paper Dr. Robinson gives experimental evidence that Poiseuille*s 
law holds even for the penetration of water into the very fine interstices of leather, 
which are presumably much smaller than in any artificially woven material. 
Combination of Poiseuille's law and eqn. (6) for the penetration pressure of a 
liquid into a cylindrical capillary gives for the lengtii, /, of that part of the 
capillary which has been filled with liquid after t sec., if the liquid has not spread 
over the capillary walls before the capillary is being filled with liquid ; 

. . . . W 

and, if the speed of spreading of the liquid over the capillary walls is greater 
than the speed of filling of the capillary; 

.W 

where >} = the viscosity of the liquid within, the capillary 

and r = mean radius of the capillary over the length h 

In the derivation of these equations it is assumed that on the average the capillary 

can be regarded as a cylindrical capillary with a constant bore of radius r, over 


* This Discossioii, p. 104. 
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part of its length 1 . P here is the excess pressure of the air within the capillary, 
caused by the fact, that in general the air cannot escape freely from the capillary 
(e.g. with textile materials surrounded on all sides by water). 

The linear rate of penetration ^ decreases with decreasing value of the mean 

radius r, when P < ^ (no spreading occurs before penetration) or 

P < 2 ^ (spreading has occurred before the penetration). ^Tien P > ^* 

or P > —, the reverse is true. 
y 

The penetration comes to a standstill before or after the liquid surface has 
passed a constriction, when 

9 > 180° — Qj ,, 

because then the penetration pressure is zero or negative. Such a standstill 
can be overcome to some extent by mechanical agitation of the liquid, of the 
porous material, or of both, and especially by the differential pressures, set up 
by the " pumping action ** of the falling-down of the materials in a normal 
washing machuie with a cage rotating round a horizontal axis. 

The requirements for very efficient wetting-out of a porous material by a 
solution of a surface-active (or rather, an interfacially-active) compound are : 

(i) 0^ should be small, in order that the penetration pressure will not become 
zero or negative in the neighbourhood of a constriction. Probably, this is the 
reason of the fact, mentioned during the Discussion by Dr. Cassie, that for efficient 
penetration of water into a woven textile material the advancing contact angle 
should dffier as little as possible from zero *; 

(ii) this low value of 64. should be caused by a low value of , the free inter¬ 
facial eneigy at the liquid-solid interface, rather than by a low value of yj,, the 
surface tension of the liquid (cp. eqn. and (e)) ; 

(iii) the viscosity of the liquid as it is present in the capillary, should be small, 
and at any rate the solute adsorbed on to the capillary vralls should not clog the 
pores at all; 

(iv) the rate of diffusion of the surface-active compound from the liquid 
in bulk into the capillary to the ** penetration front should be high. 

Dr. J. Powney found that addition of an alkaline or neutral salt to a solution 
of soap or a synthetic detergent of the long-chain sulphated type, iinpairs the 
rate of wetting, in spite of the fact that with soap solutions the interfacial tension 
at the solution-mineral oil (or xylene) interface is decreased by the addition of 
an alkaline salt (up to a certain pB. value). In the Experimental Station for 
Laundering in Delft we have been able to confirm this salt effect under pmctical 
laundering conditions with soiled household linens. It is almost certain that 
this decrease in wetting efficiency by the addition of salt is caused by an 
important decrease of the rate of diffusion of the surface-active substance and 
by an increase of the viscosity of the solution. 

i« Powney, Wetting and Detergency (London 1937) »P- 1S5. 

♦ This Discussion, p. 239. 


V. DISCUSSION ON OLEOPHOBIC SURFACES 

Dr. J. H. Schulman {Candmdge) {communicated): It has been de^ribed that 
built-up multilayers of certain soa^ are hydrophobic and oleophobic ^ * and it 
has been known that calcium and bsurium soaps are not wettable by hydrocarbons. 
Recently * it has been shown that a monolayer of a long-chain hydrocarbon, 

1 Schulman, Ann, Reports, 1939, 36, 109. 

* Langmuir, Blodgett, Schaeffer, J, Franklin Inst,, 1943, ai8,143. 

* Bigelow, Hckett, Zj^an, J. Colloid Sci,, 1946, z, 5x3. 
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when adsorbed onto a metal plate such as platinum by means of a polar group 
at one end of the molecule, for example an amine or alcohol, makes the metal 
plate, which is readily wettable by the hydrocarbon, oleophobic. The contact 
angle, which varies with the number and packing of carbon atoms in the film¬ 
forming material, and the nature of the oil, has a maximum value under these 
conditions of about 45°. The above results are obtained by adsorption or deposi¬ 
tion of a monolayer or multilayers on a solid base, A very interesting example 
of this phenomenon not necessitating a solid base is given by hydrocarbons, like 
benzene, into which aluminium soaps have been dispersed. The resultant dis¬ 
persion jellifies the hydrocarbon and makes the system oleophobic to the hydro¬ 
carbon. These jellies flow slowly under their own weight and consequently give 
a completely smooth surface in comparison with metal surfaces w^hich have 
been polished or deposited on glass by evaporation of the metal. 

Gelled hydrocarbons, with as little as 5 % of an aluminium soap formed 
in situ in the hydrocarbon, such as benzene, by means of a solution of an 
aluminium alcoholate to which two moles of a fatty acid and one mole of water 
have been added per aluminium atom, axe oleophobic to benzene.* It would 
appear that a two-dimensional lattice of closely packed CH3 groups, obtained by 
an interlocking of the polar groups at the other end of a straight hydrocarbon 
chain, is necessary to obtain an oleophobic surface. The inter-association of the 
polar groups can be obtained in the first case on the metal base by adsorbing 
polar groups which co-ordinate with the metal, or in the second case by a two- 
dimension^ lattice of polar groups held together by hydroxyl bonding on the 
surface of the hydrocarbon. The theor3’ and results of the second case are being 
published elsewhere. 

Prof. N. K. Adam {Southampton) said : “ Oleophobic surfaces have been 
occasionally reported and also mentioned in this Discussion; ‘'oleophobic” 
surfaces usually have a very high contact angle with w’ater, indenting that the 
exterior surface consists of hydrocarbon groups, presumably mainly methyl 
groups at the extreme outside. If there is a contact angle witti paraf&n oil, the 
adhesion of the liquid parafSn to the solid parafi&n-like surface must be less than 
that of liquid paraffin to itself; an angle of 90° would indicate that the adhesion 
of liquid to soHd is half that of liquid to liquid. That would, if the ” oleophobic ” 
property is genuine, indicate a considerable, and to my mind very surprising, 
diflerence in chemical properties between liquid and solid paraffin-like surfaces. 
The contact angle, of the order 110°, between water and solid paraffin w’ax is 
equivalent to an adhesion about 45 ergs/sq. cm., nearly the same as that heiwee^i 
water and liquid paraffins. Why should a solid, paraffin-like surface adhere to 
water as if it was very similar to a liquid paraffin surface, but to liquid oils 
as if it had many fewer groups per sq. cm. attaracting the liquid ? 

Dr. G, S. Hartley [Harston) said : In the case where the hydrocarbon chains 
are close-packed and all of the same length the outer surface consists of methyl 
groups. When there is irregularity it consists pauHy of methjdene groups. Is 
it possible that the observed behaviour is due to a difference between “ methyl 
liquid ” and “ methylene liquid ” ? The behaviour of the surface layers towards 
triptane (2:2: 3-trimethyl butane) might be instructive. 

Dr. D. J. Crisp {Cambridge) said : If yj and yj are the tensions of solid and 
Liquid hydrocarbon surfaces, and are nearly equal as suggested by Prof. Adam 
from the s imilar ity of their adhesional work to water, it requires only that the 
interfacial tension of the boundary—^if it existed—should be greater than 
yj— yj to prevent spreading. In other words, if yS is only slightly more than 
yj or less than a finite contact angle would be expected, though it may 
be small. 

It is easy to imagine that two similar kinds of molecule should spread over 
one another just because one expects them to be inter-miscible. In fact, however, 
if they axe not miscible but have a finite inteifacial tension, and if yo = 
then neither spreads over the other, and both offer finite angles of contact. 

There seems to me therefore no reason why the contact angle between a liquid 
and a solid paraffin should not be finite—it were possible to observe it. Normally 

* McRoberts and Scholiuan, Nature (in press). 
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an oil is miscible with a sohd hydrocarbon; it dissolves or soaks into the block. 
Only when one hydrocarbon surface is “ anchored ” by polar groups is it possible 
to observe a stable angle of contact between two hydrocarbon surfaces. 

It is well known that a drop of benzene or hexane stands with a finite angle of 
contact against a compressed film of stearic acid. This appears to me to be 
almost analogous to the systems of oleophobic coatings of metal soaps on metal 
surfaces described by Bigelow et al, ® The tension of the paraffin-like monolayer, 
yj, is in both cases reduced until it prevents the oil spreading on it; in the case 
of the water monolayer this is achieved by externally applied surface pressure, 
at the metal surface by strong adsorption of the polar groups to metal. A perhaps 
stricter analogy would be the “ oleophobic surface of a saturated aqueous 
solution of lauric acid, for here the monolayer tension is also reduced by adsorption. 

The essential points seem to be : 

(i) the surface tension of a hydrocarbon-covered surface may be considerably 
modified by the degree of packing of the chains ; 

(ii) only a small decrease in tension of the paraffin-like surface is needed to 
produce a finite angle of contact with liquid hydrocarbon. 

Prof. N. K. Adam {Southampton) said: I feel sure that, when a drop of 
benzene is placed on top of a monolayer of, say, a fatty acid on a water surface, 
it does not sit on top of the monolayer, but goes right through it to the water. 
It may either dissolve that part of the monolayer on which it is placed, or shove 
the monolayer aside. If the monolayer is confined by barriers so that the surface 
pressure is greater than the spreading pressure of the benzene, of course the 
benzene shows a contact angle ; in other words, the surface tension of the water 
is so much lowered by the film that it is less than the sum of the surface tension 
of the benzene, and the interfacial tension of the benzene-water interface. 

I wonder how many of the supposed cases of ** oleophobic “ surfaces could be 
explained by the oil dissolving away, locally, one or more top layers of molecules, 
being then laterally compressed by the surface pressure of those parts of the top 
layers which, being outside the periphery of the oil drop, are not dissolved by 
it ? It would seem easy for an oil drop to penetrate right through a thin coating 
of wax, and come into contact with any underlying hydrophilic layers ; and very 
probably an oil drop in such a position would show a considerable contact angle 
with the surface. The original surface could scarcely be properly called an oleo¬ 
phobic surface,” in such a case. 

Dr. D, J. Crisp ipamhridge) said : I agree that if the monolayer at the oil- 
water or oil-metal interface is dissolved away the interfacial tension will be 
raised and the contact ai^le will increase. I do not, howwer, t hink it is always 
necessary to postulate this, though the orientation and packing of the monolayer 
will be changed by the presence of an oil instead of air or vapour above it. 

For instance, a monolayer of oleic acid at 32 d3raes surface pressure is ” oleo¬ 
phobic ” to oleic acid droplets, but there can be no doubt that an orientated 
monolayer exists both between water and air and between water and liquid 
oleic acid. 

Dr. C. Kemball {Cavyihridge) said : There is an interesting piece of evidence 
in support of Dr. Hartley’s suggestion that the interaction between two surfaces 
mainly composed of methylene groups may differ from that between a surface 
of methylene groups and one of methyl groups. The van der Waals* interaction 
between such non-polar surfaces will depend not only on the polarisability of 
the groups but on their geometry. This is shown strikingly by the difference in 
the heats of adsorption of benzene and cyclohexane on mercury. The values are 
i6-i and 12-13 lmal./mole respectively. The polarisabilities are 10*3 x ro“** 
and 10*9 x 10-** cc., which means that the difference in the heats of adsorption 
must be connected with the different spacial arrangement of the two substances 
or, in other words, the ** availability of the polarisability ” for adsorption on a 
plane surface. Considerations of this sort will undoubtedly apply to surfaces of 
methyl groups and the normal surface of a liquid hydrocarbon which presumably 
contains a greater proportion of methylene groups. 


* Bigelow, Pickett and Zisman, J. CoUoid Set., 1946,1,513. 
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Dr. M. Joly {Paris) said: Wetting or spreading can be compared with a 
superficial solubility and then these phenomena depend on the compatibility of 
the structures. By this means it is possible to understand what happens in the 
case of the oleophobic films mentioned by Dr. Schulman and to see why a non¬ 
polar oil does not spread on the surface of a solid paraffin wax. 

The surface of a solid paraffin is formed by CHs groups arranged in a rigid 
four-angled centred lattice and the smallest distance between two neighbouring 
CHg groups is about 4-4A. On the other hand, the surface of a liquid paraffin is 
built up of CHs groups arranged in a quasi-hexagonal lattice, the mean distance 
between two neighbouring CHa groups being about 4-5A. This quasi-lattice is 
deformable but in a small range only. From the great difference between these 
two lattices it results that superposition of both structures is impossible and 
hence that the oil does not wet the solid paraffin wax. For spreading, it is 
necessary to introduce some disorder into the solid lattice; the corresponding 
CHa groups are then capable of some mobility and the structures of the two 
systems in contact become compatible, superficial solubility occurs and the 
paraffin oil wets the paraffin wax. 
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GENERAL INTRODUCTION 

A General Discussion on the Physical Chemistry of Process Metallurgy 
was held at Ashome HiU, nr. Leamington Spa, Warwickshire (by courtesy 
of the British Iron and Steel Federation) from 23rd September to 25th 
September, 1948. At the opening and closing sessions the Chair was taken 
by the President, Prof. A. J. Allmand, F.R.S., and during the remainder 
of the Meeting by Sir Andrew McCance, F.R.S. About 130 members and 
guests were present; among the distinguished overseas guests, the President 
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Monsieur Rocquet (Saint-Germain-Laye), Madame C. Rorive-Boute 
(Brussels), Prof. E. Rudberg (Stockholm), Prof. P. van R3reselberghe 
(Oregon), Mr. G. Szasz (U.S. Embassy, London), Dr. M. Tigeischiold 
(Stockholm), Mr. and Mrs. A. Wahlbeig (Bofors), Prof, M. Wiberg 
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THE PHYSICAL CHEMISTRY 
OF PROCESS METALLURGY 

INTRODUCTORY ADDRESS 

Sir Andrew McCance 
Received 2yd September, 1948 

As one who took an active part in the first General Discussions on the 
Phs^ical Chemistry of Steehnaking which the Society held in 1925, it is a 
matter of particular pleasure to me to be present at this Discussion called 
together for the purpose of stating and discussing the present state of our 
knowledge of this important subject. 

The interest of this meeting is farther emphasised by the contributions 
of so many workers in this field from other countries and to whom we extend 
a specially cordial welcome. 

l^en the papers to be presented at the sessions now starting are compared 
with those read at the meeting 23 years ago, there is one marked difference 
which is noticed immediately. The difference I see is that the ideas put 
forward now are supported by a wealth of experimental results whereas the 
earlier papers were rich in unconfirmed theoretical deductions. There is no 
doubt, however, that the stimulation given to the study of this subject by 
that meeting was encouraged by this very fact, for it impelled those who 
disagreed with the conclusions to seek support for their views by experimental 
methods. 

That the first general discussion did give an immense stimulus to the 
study of the physical chemistry of steelmaking is a fact which is acknow¬ 
ledged gratefully by all metallurgists. I am certain in the wider field which 
it covers this meeting vdll also be equally effective. 

The application of the principles of ph37sical chemistry to metallurgical 
processes appeals to us for two reasons. It appeals to those of us who are 
interested in the development of the theory of high-temperature processes 
at h^h concentrations in which our knowle^e is still in a somewhat crude 
and elementary state, and it appeals to those in the metallurgical industries 
who seek from it a better and more quantitative control over the production 
processes in their charge. 

From the latter angle I can speak from my own esqjeiience in the steel 
industry. The developments in the open-hearth process during the last 20 
years have largely, if not wholly, arisen from the physico-chanical approach 
to the open-hearth reactions—an approach which has now become the 
universal practice of all those engaged in this branch of steel manuffu:ture. 
But we are still fer from exercising ffiat exact quantitative control which 
must be the ultimate aim. Even in the simplest reactions like the reduction 
of ferrous oxide by carbon the values of the equilibrium constant obtained in 
the laboratory and in the melting shop still differ appreciably and it cannot 
be said with certainty why this should be so. 

With other reactions the position is even worse, for even under laboratory 
conditions ffiere is the disappointment of finding that equilibrium omstaate 
cannot be made to remain constant without the hdp of the most empuical 
adjustments. There are, for instance, the reactions which control the removal 
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of phosphorus by a basic slag where this dif&culty, which raises important 
questions, is particularly noticeable. In these complex slags, is it perhaps 
wrong to expect a constant relation between the (Afferent reacting consti¬ 
tuents regarded as molecular entities when they exist in the liquid state 
probably as atomic, or perhaps even as ionic, mixtures ? 

This thought is strengthened by the success which has attended the 
consideration of phosphate glasses as ionic mixtures where it has been found 
for instance that the density can be expressed accurately by a formula of the 

type V = ^ is a constant and R is the ratio of the proportion 

of divalent oxygen ions to that of the basic ions present. The conductivity 
variation with temperature of many such glasses is very similar to that of 
open-hearth slags and there are other points of similarity so that this method 
of approach is worth exploring. 

It will be recalled that a paper was read before the Faraday Society in 
1938 by Herasymenko drawing attention to the possibility of regarding 
steelmaking slags as ionic solutions although his ideas at that time were stiU 
dominated by tiie conception of molecular groups within the fluid slag. 

Nevertheless, before conceding that a new development in outlook is 
necessary we must assure ourselves that the present theories used to interpret 
experimental results are sufficiently exact for the purpose and at the present 
time this is unfortunately just what cannot be done. 

The fundamental basis of the application of theory to metallurgical reac¬ 
tions is the equation— 

j^iogX = £ + _rc.dr 

which is full of difficulties in spite of its apparent simplicity. Its successful 
use depends on two assumptions—(i) that the energy of reaction E is known 
over the whole range of concentration of the reactants, and (2) that the 
specific heats are also known and known in a form that permits of integration. 
We all know how very far this is from being true. 

Ignorance forces us to assume that both factors are constant—^and it is 
astonishing to realise how very often this happens to be so nearly true in 
high-temperature chemistry. The next stage has been to substitute a 
variation like a + bT, or a + bT^, and to obtain the coefficients a and b 
from other known data, or with greater accuracy to express the variations 
by a more extended expansion in terms of the temperature. These methods 
are essentially empiricd and the results cannot be used outside the range 
of temperatures for which the experimental data were already available.^ It 
was for this reason that the first attempts to calculate the equilibrium 
constants at high temperatures from information obtained at much lower 
temperatures failed to give accurate information. Nor is the position to-day 
m this respect much better than it was 20 years ago. 

On the cognate problem of determining the variation of interaction energy 
with concentration an adequate solution is still awaited in spite of the vast 
amount of work already carried out on the subject. This, however, may not 
be altogether surprising when it is remembered that even in the case of the 
simplest ionic electrol^es a complete solution of the energy equation has 
not yet been worked out. 

The approach by means of activities or activity coefficients is, of course, 
identical in principle with the approach from the energy standpoint and in 
some ways it is more easily appli^, but it relies on applying the deductions 
from one set of experimental data to another set and it cannot be used with 
any confidence outside the limits of the known data. 

The questions are fundamental and if we feel as metallurgists that in the 



SIR ANDREW McCANCE 


9 


application of physical chemistry to metallurgical reactions our theoretical 
foundations are not vei^ secure, let us console ourselves vuth the thought 
that all physical chemists are in exactly the same position as ourselves. 
And it may well be that the desired theoretical advances will arise out of 
the study of the high-temperature reactions which are of such particular 
interest to this meeting. 

In closing could I make one special plea on behalf of all the metallurgists 
interested in this subject and perhaps even on behalf of others as well. That 
plea is for the acceptance of an agreed set of symbols and meanings for the 
commoner terms used by physical chemists. What some authors call 
“ thermodynamic potential is called chemical potential'' by others, 
and the terms "free energy" and "available energy" are sometimes 
applied indiscriminately. One has only to read the papers before this con¬ 
ference to find that there is not yet full agreement in the ssmibols to be used 
for representing the more frequently used terms, A joint committee of the 
scientific societies concerned made agreed recommendations on this matter 
in 1937. It would be very helpful if steps could be taken to put the com¬ 
mittee's findings into consistent use. 


PHYSICO-CHEMICAL PRINCIPLES IN PROCESS METALLURGY 
By Sir Charles F. Goodeve 
Received 26th July, 1948 

Part I. Introdiuction 

The term "ph3rsical chemistry" covers a rather fll-defined branch of 
science but is generally interpreted as the application of physical principles 
to chemical reactions. Some of these principles have been borrowed from 
physics, others have been developed primarily in their relations with 
chemistry, that is, by physical chemists. The object of this paper is briefly 
to set out, for those not acquainted with this branch, some of the more 
important of these principles in a way that will show their application to 
the types of chemical reaction which are the concern of this Discussion. 
There are two important approaches in physical chemistry, the kinetic 
and the thermodynamic approaches, and, although each of these is indepen¬ 
dent of the other, they have many points of contact. Before discussing these, 
W’e wiU examine the nature of the substances in which we are interested. 

The Gaseous, Solid and Liquid States 

Many metallurgical reactions involve gases at high temperatures and at 
moderate pressures, conditions under wluch it can be assumed that the ideal gas 
law, pv = nRT, applies with an accuracy far better than that required to match 
any existing quantitative measurements. These gases are commonly derived 
from air by combustion and may contain N2» CO*, H*. HjO, CO and Oj, etc. The 
thermodynamic approach is based on the partial pressure of each of the 
components of a gas. 

Metallurgical reactions also involve ores containing compounds of a metal 
with a non-metal, oxygen, sulphur, silicon, etc. We know a great deal about 
the arrangements of fiie atoms and about the spacings and the forces between 
the atoms for many of the pure compounds in the solid state. We also have 
extensive thermod3mamic data, heats of formation, specific heats, etc., but 
nauch more is needed. Most ores are complex mixtures of compounds amd 
indeed the compounds themselves often exist over a range of composition tying 
about that of the chemical formula. FeS, for example, has a wide range, ZnO 
a narrow. 
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Metals behave as if they consisted of agglomerates of positively charged ions 
bound together by a fluid of electrons, tiie whole, of course, being electrically 
neutral. The ions consist of the metal nuclei plus all their " inner ” electrons, 
that is, all the electrons in completed rings. The binding po%ver of the 
remaining or conducting electrons arises from the fact that they are free to 
move throughout the mass of metal and, in accordance with wave-mechanical 
principles, are able on the average to spend more of their time closer to the 
positively charged ions than they would if they formed the electronic S3rstems 
of separate neutral atoms in free space. This means that there is a net lowering 
of potential energy when the vapour of a metal condenses, this lowering exhibiting 
itself by the evolution of the latent heat. This also means that there is httle 
left here of the concept of valency, each atom or ion of the metal being bound 
equally to the eight or twelve atoms which usually surround it. Some authors,* 
however, prefer to retain the idea of valency bonds with modifications based 
on resonance between bonds. 

Liquid metals, the more common product of reduction reactions, are similar 
to the solid except that each ion spends most—or at least a large part—of its 
time other than in its ** crystal position in respect of its neighbours. 

It is not surprising, -therefore, that solid—and more particularly liquid— 
metals are good solvents for any species that can give up one or more electrons. 
Thus atomic hydrogen or nitrogen is soluble in most metals while inert gases 
and molecules, such as Hj and N#, are insoluble. Metals themselves have a 
considerable mutual solubility and indeed it is generally possible to realise 
experimentally a temperature above which any particular pair of metals is 
mutually soluble in all proportions. This high mutual solubility in the liquid 
state, limited only by the size effect (e.g., lead atoms do not readily go into melts 
of smaller metal atoms) sets a difficult problem to the refiner of metals. 

Part II. Molecular Kinetics 

The kinetic approach starts with a mental picture of the intimate molecular 
mechanism of a chemical change and follows with mathematical deductions to 
allow comparison with results of experiments. Whilst this approach has had 
its greatest success in application to gaseous reactions, there is no doubt that 
certain of its principles are of general application The reactions most carefully 
studied include that of hydrogen and iodine to form hydrogen iodide, and the 
reverse reaction. For illustration it is proposed here to take a reaction not 
studied kinetically but one which is more familiar to process metallurgists, the 
reduction of zinc oxide vapour by carbon monoxide. This reaction probably 
takes place to a small extent in the preparation of zinc despite the fact that the 
vapour in equilibrium with solid ZnO consists principally of the Zn and Og.*" 

In a free molecule of ZnO the oxygen atom is held to the zinc atom with a 
bond strength such that it would require about loo kcal /g. mol. completely 
to separate them.* When this pair of atoms is pulled apart from the minimum 
value at about 2 a . and thus against the force of attraction, the potential 
energy rises according to curve I in Fig. i. Conversely, an oxygen atom in 
free space in combining with a Zn atom will “ roll down ” this potential energy 
curve until it meets the repulsion force at a close distance. The ordinary mole¬ 
cules of ZnO will contain varying amounts of vibrational energy and this is 
pictured on the diagram as an oscillation of the oxygen relative to the zinc 
between a position say at h and a position b\ The potential energy follows the 
dip of the curve while the kinetic energy rises and falls to conform to the 
constancy of the sum, the total vibrational energy. 

Similarly, if an oxygen atom approaches a CO molecule on the carbon side, a 
valency bond to produce CO, is formed with an energy of 127 kcal./g. mol., 

* e.g., Pauling, The Nature oj the Chemical Bond (Cornell University Press, 1940). 

Pourbaix and Rorive-Bout6, This Uiscussion. 

* This value is deduced by comparison with values for similar molecules ZnS, SnO, 

BaO, etc. It is in hajmony with thermochemical data plus an estimate of the 
heat of vaporisation of ZnO. Division of the values by Avogadro's number,. 
6*023 X 10**, gives the energy per pair of atoms. 
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curve II. (The diagram is complicated by the fact that CO must change its 
electronic state before it can exhibit a valence force for oxygen.) 

The reaction between ZnO and CO might be able to take place by a mechanism 
in which the O atom first separates from the Zn atom and later collides and 
combines with a CO molecule. Before the oxygen could separate, the molecule 
would have to gain at least loo kcal /g. mol. of vibrational energy and we will 
see later that this is a very improbable occurrence. Much the easier course for 
this reaction is during a collision between a ZnO and a CO molecule. To give a 
complete picture, three-dimensional curves are required,® but an outline picture 
is given in Fig. i. Molecules have a certain size (related to the volume they 
occupy in the solid state) and large forces or energies of repulsion arise if an 
attempt is made to bring them closer together than this size normally allows. 
When two molecules collide with a kinetic energy of, say, 25 kcal./g. mol., the 
potential energy of the whole system Zn — O — C = O rises to this value before 
the parts are brought to rest. This is shown in Fig i by the elevation of the 


P/an i/eu) 



curves I and II to the positions III and IV respectively when the closeness of 
approach is such that the Zn — C distance is 5 a. (It is assumed that the atoms 
are in a line as shown in the plan view.) However, the curves have become 
broader due to the weakening of the chemical bonds and now overlap at a point a 
considerably below the 100 kcal /g, mol. energy level of the free oxygen atom. 
Closer approach will not alter the position of a very much because Sie curves 
themselves rise rather rapidly for closer distances. The height of the lowest 
point of this energy barrier is known as the energy of activation The value 
suggested by Fig. i is 60 kcal./g. mol. above the original energy of ZnO + CO 
in free space. 

Our picture of the course of this reaction can now be completed. Two molecules 
with a total energy between them in excess of collide with favourable orienta^ 
tion and arrive at the position of the activated complex illustrated by curves 
III and rv. The total energy of this system swings through the whole complex 
and at some phase becomes concentrated in the Zn — O bond. The oxygen 

* E3nriiig and Polanyi, Z. physik, Chem.B, 1931, la, 279. Goodeve, Trans. Faraday 
Soc., 1934, 3 ®» 60. 
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atom separates to the point corresponding to a and passes over into combination 
with the carbon. 

If all the information existed here as it exists in the case of the hydrogen and 
iodine system, it would be possible to test this picture against experimental 
observations. The reaction velocity could be predicted from the equation.* 

Molecules reacting per second = . (i) 

where Z is the number of collisions between reactive molecules per second and 
P, the steric factor, the fraction of these collisions that are favourably oriented. 
The term e-^a/R^ is (approximately) the fraction of the collisions which have an 
impact energy greater than and is derived from the Boltzmann distribution 
of energy in a system of molecules. The value of can be determined 
independently from the temperature coefficient of the reaction velocity and the 
value of Z from the diameter of the molecules and their mean velocities. The 
value of P can only be deduced approximately and for the above reaction is not 
likely to be much below unity. 

The reverse reaction, the attack of Zn on CO 2, can also be pictured from 
Fig. I. The initial position of the oxygen atom would be at the bottom of curve 
II and the system would require energy to bring it to the point a before the 
atom could pass over to form ZnO, The value of E/ is related to that of the 
forward reaction by the equation : 

Ea — Efl = —AH, the heat evolved in the reaction, 

liquid Systems 

Eqn. (i) has been found to be generally applicable to reactions in liquids.* 
The value of Z is found to be effectively the same as it would be in a gas in the 
cases in which solvation effects are not predominant and the reacting molecules 
are simple. At first sight this may appear surprising because the net movement 
of a molecule in a liquid is much slower than in a gas, despite the fact that its 
average velocity is the same, because it performs a number of oscillations (on 
the average Njj in any one position before moving to the next. However, the 
loss from this effect is compensated by the fact that, when this molecule does 
arrive alongside a molecule with which it might react, it makes oscillations 
or collisions with that molecule rather than the single collision that it would have 
made if it were in a gas. JV^ is normally exactly equal to and as they come 
into eqn. (i) in the numerator and denominator respectively, they cancel out. 
Although we have not much experimental evidence to aid us, it seems reasonable 
to assume that, in molten metals and to a less extent in molten slags, atoms or 
simple molecules behave as in other simple solutions and the collision frequency 
Z is approximately the same as it would be if they were at an equal concentration 
in the gaseous phase. 

The meaning of a collision in the liquid state requires, however, closer 
examination. An important reaction in many metallurgical processes is that 
between carbon and oxygen atoms “ dissolved ** in a metal liquid. These atoms 
lie in the spaces or interstices left between the larger metal atoms and are best 
considered as not combined with any particular neighbours but rather with all 
of them. They are able, however, to jump (diffuse) from one empty space to 
another with only a small energy barrier to be overcome, and indeed carbon has 
been found * to move towards the cathode when an electric current is passed 
through Y-iron containing carbon. There will be a greater energy barrier pro¬ 
tecting a space already occupied by another atom but if this atom is one capable 
of form in g a chemical bond with the incoming atom, as in the case of carbon and 
oxygen, tiie energy of activation is likely to be low. (This can be deduced if 
the potential energy curves are drawn correspondiug to those shown in Fig. i.) 
It seems best, therefore, to consider a collision '* in such systems as an attempt 

*For full details see Hinshelwood, The Kinetics of Chemical Change (Clarendon 
Press, 1940), p. 51. 

*See Moelwyn-Hughes, The Kinetics of Reactions in Solution (Clarendon Press, 

* ^ P' 

•Seith and Kubachewski, Z. Elehtrocheni., 1935, 41, 551. 
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by one atom or molecule to enter a space or interstice already occupied by 
another atom or molecule. 

The carbon monoxide molecules formed in this reaction may suffer dissociation 
again or join together to form a bubble of gas. Owing to the facts that this 
growth requires a rapid succession of collisions with fresh CO molecules and that 
a liquid metal will resist with great energy the formation of a hole large enough 
to form the nucleus of a gas bubble, this second stage of the reaction is likely to 
be slow. It is generally believed to be the controlling stage and might, indeed, only 
proceed on a surface. This is borne out by the observation that supersatumtion 
of a liquid metal with CO is common. 

In some contrast to the previous case of a reaction between two interstitial 
atoms, we have cases where one of the atoms forms part of the metal lattice or 
of the remnants of the lattice in the liquid, such as in the reaction betw^een oxygen 
and aluminium. This metal is added in small quantities to liquid metals as 
a deoxidiser because of its high affinity for oxygen. The reaction is too fast to 
study but this is not surprising as no energy of activation is to be expected 
between two atoms or ions moving (substantially) freely through the solution 
and with no matter obstructing close contact. This means that the rate of the 
reaction will be equal simply to the rate of collision between A 1 and O, although 
in this case it is necessary to reduce the value of Z calculated from the gas value 
because now equals unity and the compensating mechanism just described 
does not enter. A rough calculation shows that if one portion of molten iron 
containing 0*2 atomic % oxygen was instantaneously and perfectly mixed with 
another portion containing an equivalent amount of aluminium, the reaction 
should be complete in io“® sec. 

Reactions in the Solid State 

In contrast to reactions in the liquid and gaseous states, those in the solid are 
inevitably much slower. In some cases the collision frequency Z in eqn. (i) is 
much reduced ; has become extremely large and cannot keep up because 
a chemical reaction takes place first. This means that diffusion becomes the 
rate-determining step and a value of obtained from a temperature coeflBicient 
would refer to &e energy required to permit a jump of the diffusing species from 
one position to another. As a considerable number of such jumps must take place 
before a pair of reacting molecules or atoms become neighbours, only a very slow 
reaction is possible. In other cases, the value of for the final reaction may be 
very large because more energy is required to make ^ace for the products of the 
reaction. A good example is the reaction involved in the penetration of iron 
sulphide into iron.’ As the temperature is lo-wered, this reaction suddenly 
becomes immeasurably slow at the eutectic point, i.e,, where the liquid phase 
disappears. 

Reactions between two solids, no nsatter how intimately they are mixed, are 
likely to be even slower. In the absence of a gaseous or liquid phase, diffusion 
can only occur via the points of contact between the particles. Very small 
traces of gas or of liquid are likely to produce a reaction which would mask any 
reaction truly in the solid phase. Experimental confirmation of these pre¬ 
dictions has been obtained for ZnO reduction by carbon. Bodenstein ® showed 
that this reaction proceeds entirely via the gaseous phase, carbon monoxide 
acting as a carrier, taking oxygen from the oxide and regenerating itself by the 
reaction of CX)* with the carbon. Evidence is lacking regarding the iron oxide- 
carbon reaction ; many authors assume that this can proceed via the solid state 
but undoubtedly it goes much faster w^hen liquid or gas phases are present. 

Reactions on the Surfoces of Solids or Liquids 

An intimate kinetic knowledge of a reaction between molecules in the gaseous 
or liquid state and molecules of a solid is difficult to obtain and few reactions have 
yielded to study. In most of the many reactions studied, little information is 
available as to -^e nature of the surface and as to the immediate energetic nature 

’ Preece and Irvine, /. Iron Steel Inst., 1947, 157, 336. 

* Bodenstein, Trans. Amer. Blectfochem. Soc., 1927, 51, 365. 
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of the product. The surface layer may differ from the bulk immediately the 
reaction has started, if not before, and most surfaces are at least partly covered 
by an adsorbed layer. However, we can say with a good deal of confidence 
that, if a molecule of CO collides with a clean surface of ZnO, the energy relations 
can be described by curves such as those in Fig. i. 

Similarly, our picture of the reaction of two molecules across an interface 
between a liquid and a solid, or of one molecule crossing the interface, must be 
basically the same as the collision mechanism for a gas. Where both layers 
are fluid it is possible to make the simplifying assumption that the surface layer 
is essentially the same as the bulk, except for concentration gradients set up 
where the reaction rate at the interface exceeds the diffusion rate to the surface. 

Collision Frequency and Energy of Activation 

The calculation of the collision frequency and the determination of the energy 
of activation for a given reaction are both relatively easy, especially in Ihe 
gaseous phase, and full descriptions of the methods are given in standard text¬ 
books.* ® It is generally insufficiently realised how great are the number of 
collisions. For example, at a partial pressure of i/io atm., lo** molecules 
collide with every sq. cm. of surface per second. Molecules in a liquid are 
vibrating at about lo^® times per second and, at an interfece, they each make 
approximately this number of attempts per second to cross the interface. There 
will be about lo^* molecules per sq. cm. and, if one in a hundred of these is of the 
species we are studying, this means io®« collisions per cm.* per second. 

Homogeneous collision frequencies are even higher, lo*® or more bimolecular 
collisions per cm.* per second being a common occurrence both in gases and 
liquids. As aU of Ihese values depend only on the square root of the absolute 
temperature, these orders of magnitude are the same throughout the range of 
temperature of interest here. Furthermore, the steric factor, P, can be ignored 
in these rough figures, as for simple molecules it usually lies between i and 

The energy of activation is determined from the temperature coefficient of 
the reaction but is a realistic figure only if the course of the reaction is known. 
Values up to loo kcal,/g. mol. or higher are known in vaporisation reactions but 
such high values in ordinary chemical reactions are rare; the values for the 
reactions of interest to metallurgists lie usually between 25 and 75 kcal. 

The approximate values of for a few values of and of T are given 

in Table I. 


TABLE I 


Temp. 


Energy of Activation 


®c. 



50 kcal. 

75 kcal. 

100 kcal. 

250 

523 


lo-i* 

10^*1 

io-*i 

10”*® 


500 

773 



lo-^* 

io-*i 

10“** 

I ^ 

750 

1023 

1 
a 4 J 


lo-w 

lo-i* 

lo-ai 




ij 






1000 

1273 



ro“* 

10-1* 

io-i» 


1500 

1773 

B 

M 


10"’* 

io-» 

io-« 



The very important effect of this term, can be seen from this table ; the 

selection of only those collisions between pairs of molecules with a critical amount 
of energy between them bring the frequency of successful collisions down to 
measurable limits. A reaction rate of 10“ molecules per cm.* per second is just 
measurable and one of too fast to measure. 

In practice, the ratio of surface to bulk varies widely but, if a system is chosen 
where i cm.* exposes about 10 cm.* of surface, the term would have to 

be of the order of lo-* for gases and lo”^* for liquids to bring the reaction rate 
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into the normal range. The band enclosing these is outlined in thick lines in 
Table I. It is seen, therefore, that an estimate can be made of the energy of 
activation from the temperature at which the reaction begins.® 

Various other important generalisations can, however, be made. The first 
is that higher energies of activation would be necessary to bring a homogeneous 
reaction down into the measurable range than an interfaciaJ reaction because of 
the greater frequency of bimolecular collisions. The second is that, at a 
temperature 250° above that at which a reaction starts, the rate should be about 
one thousand times faster. Often in metallurgical processes, this is not the 
case, and indeed the observed temperature coe&ient and the derived value of 
Ea are often lower than is to be expected from the temperature at which a 
reaction starts. This is usually interpreted as meaning that the rate is largely 
controlled by the slowness of a diftusion process. 

Diffusion 

The phenomenon of diffusion is of such importance in process metallurgy that 
it would justify a separate Part of this paper. The subject is, however, a very 
extensive one and is well covered in several good text-books.^® The elementary" 
principles of diftusion are comparatively simple and well known, but the recent 
additions to our knowledge are extensive and difficult to summarise. 

Some idea of the importance of difiusion may be gathered from the fact that 
a chemical reaction between oxygen in air and carbon dissolved in liquid iron 
takes much longer in the open-hearth furnace than in the Bessemer converter, 
where it proceeds as rapidly as the oxygen can be delivered to the metal. A 
strict comparison needs to take account, in the case of the open-hearth furnace, 
of ffie parallel reaction between iron ore and carbon. Nevertheless, a large 
part of the difference is due to the presence between the air-gas mixture and the 
iron of a blanket of slag which is necessary for other refining purposes. 

If diffusion is recognised as the rate-determining process, tibien the reaction 
can generally be speeded up by agitation of the reactants or by increasing flow 
rates of gases, thus increasmg the turbulence. In the open-hearth furnace the 
reaction itself stirs the bath by the CO evolved and thus accelerates the reaction, 
this self-accumulative effect sometimes throwing the whole system out of control. 
Phosphorus removal can be speeded up to take place in a few seconds by the 
violent agitation that occurs in the Perrin process. Diftusion and turbulence 
can sometimes be improved by lowering ttie viscosity; calcium fluoride is 
added to slags for this purpose. 

Part III. The Thermodynamic Approadi 

While the kinetic approach gives a more intimate picture of the nature of a 
chemical reaction, it l^ks the quantitative exactitude of the thermodynamic 
approach. The abstract nature of the latter, however, limits its usefulness but 
this abst^t nature can be reduced if attention is flrst focused on the more 
simple chemical processes, the movement of any given element from one phase 
or one state of chemical combination to another. Indeed, process metallurgy 
is principally concerned with such chemical processes. Our first object will 
be to find a method of detecting a tendency for a movement to take place in a 
particular direction and to measure this tendency when it does exist. 

It is not surprising that a major factor in determining the tendency to move 
is commonly the relative strengths of the total forces, chemical plus physical, 
in the two states, the element under consideration tending to move under the 
influence of the stronger force and thus to the position of lower potential energy. 
This manifests itself as an evolution of heat, the value of which for the ZnO-CC 
reaction being given by AH in Fig. i. This factor is very nearly constant 
independent of temperature. 

The second important factor in the tendency to move arises from the thermal 
agitation of the molecules and of the atoms in the molecules. All matter above 

• See Hinshelwood, loc, cit,, p. 49. 

1® Barrer, Diffusion in and through Solids (Cambridge University Press, 1941). Also 
Glasstone, Laidler and Evxing, The Theory of Rate Processes (Mc<^w-Hill„ 

1941)- 
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the absolute zero has a tendency to move to the state of least restriction or order ; 
a ^ tends to expand to infinite space, a liquid to change to a gas, an ordered 
solid to change to a disordered liquid, a molecule to breaJc up into atoms or ions, 
a set of molecules to change to another set incorporating a larger number of 
gaseous molecules, etc. This part of the tendency increases with thermal 
agitation, that is, with temperature. 

Other factors, such as pressure on condensed phases and electrical fields, are 
of importance in some branches of physical chemistry but are less frequently 
found in the processes considered in this Discussion. 

The condition of equilibrium is obviously the condition where the net 
tendency is zero. This means that the two fac ors, the heat and the restriction 
factors, exactly compensate one another. For a liquid in equilibrium with its 
vapour, the tendency for the molecules to condense, measured by the latent 
heat of condensation, is exactly equal and opposite to the tendency to escape. 
The higher the temperature, the more active the tendency to escape. 

Chemical Potential 

This last statement indicates the answer to the problem of how to measure 
the net tendency. Let us first look at a parallel problem. We have seen that 
a piece of metal consists of a lattice of ions and a " fluid ** of electrons. The 
number of these electrons, while being close to the number of positive ion charges, 
need not be exactly equal to it and two pieces of metal may differ in their depar¬ 
tures from neutrality. In such a case, we say that these pieces of metal have a 
difference of electrical potential between them and if they are brought in contact, 
there will be a movement of electrons from that at the higher negative potential 
to the other. 

The electric potential difference A 9 is a measure of the direction and intensity 
of the tendency of electrons to move. It can be measured quantitatively by 
the work obtained from the system in the transfer of a unit amount of electricity 
from the metal at the higher potential to the other at the lower or by the work 
done on the system to transfer this amount of electricity in the reverse direction, 
i.e., ** up-hill.'' If these are measured reversibly, that is, in the absence of friction, 
both works are equal and opposite and uniquely describe the intensity of the 
tendency. It is assumed, of course, that the test transfer does not affect the 
state of either of the pieces of metal, and in practice one thinks in terms of an 
infinitesimal amount of transfer, dw. Thus 

9 * - 9 i = A9 = — ^ . . . (2) 

If work is obtained in the transfer from state (i) to state (2), that is, 6 w is positive, 
then the second state is at the lower potential. (In practice, the term “ voltage ” 
is used and is defined as this work potential divided by the charge on the electrcm.) 

As an alternative parallel problem we could have chosen two vessels cont ain i n g 
liquid and in a gravitational field. The dtfterence in gravitational potential is 
defined in the same way, i.e., by eqn, (2) and is obviously related to the height 
and to the gravitational force. If the difference in potential is zero we say that 
the top of -^e liquid in each vessel is at the same level. 

In exactly the same way, wa can define a chemical potential, p, for a given 
element, say, carbon or oxygen, such that the difference in its value in two states 
is the tendency for that element to move. The difference, A^i, is given by eqn. 
(2), dn now referring to the transfer of a given number of atoms, or pairs of atoms, 
^m state (i) to state {2). Experimental determination of the work involved 
in this transfer is more difficult than with electrons, but the theoretical deter¬ 
mination is satisfactorily rigid. From what has been said already, it follo^vs that 
the chemical potential has a heat term and a restriction term. The first is generally 
known as the heat content term H, and the second as the entropy term —ST. 
The minus sign in the entropy term comes in because S is a measure of freedom 
or disorder, opposite of restriction. 

The simplest and most important part of the entropy term concerns restriction 
of volume. If we wish to know the difference in oxygen potential between a 
gas mixture where the partial pressure of oxygen is Pj and another at the same 
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temperature but at a pressure P^, then by derivation from the simple gas laws 

... ( 3 ) 

Between these two states, there is no difierence in heat content but there is in 
the degree of restriction. The gas mixture with the higher oxygen partial 
pressure (greater restriction) is at a higher oxygen potential than the other. 

The other t}^ of restriction concerns rotation, vibration, etc. ; escape from 
restriction here manifests itself in an increase of the specific heat which forms 
an important part of entropy. 

If Ihe oxygen in a gas mixture is in equilibrium with a liquid or solid phase, 
then the oxygen potential in this condensed phase is equal to that in the gas 
phase and can be given the value RT log^ Po„ assuming arbitrarily a zero of 
potential at P = unity. If the oxygen potential of the condensed phase is 
lowered, then oxygen will move into this phase ; if increased, it will move out. 
The extent to which this happens is dependent on the effect of this movement on 
the chemical potential of each phase and on the bulk of the phases present. 
This capacity effect is discussed later. The rate at which this happens cannot 
be predicted from the thermodynamic approach but only from the Irinetic. 

The equilibrium oxygen pressure over an oxide of a metal in contact with the 
metal is a constant at any one temperature and, therefore, the oxygen potential 
of this oxide — metal system is fixed. Where the oxide is in equilibrium with the 
metal, then the latter must contain some oxygen in solution, the potential of 
which must be the same as that of the gas, i e., = RT log^ Pq,. 

Experimentally, it is found that for any concentration of oxygen in a metal, 
below that at this three-phase point, the equilibrium vapour pressure falls as 
the square of the concentration. The oxygen potential of this solution, therefore, 
is given by 

{jtox == 2 RT loge [O] -f constant ... (4) 

where [O] is the concentration of oxygen in the metal. 

As we have seen above, many oxides of metals are known to exist over a small 
range of composition lying across that corresponding to their formula. This is 
now considered to be a much more general phenomenon than has previously been 
believed. The lower limit corresponds to equilibrium with the metal and oxygen, 
the upper being much less definite as it depends on a complex function of the 
pressure of oxygen. At all events, because of this phenomenon, one can transfer 
small quantities of oxygen to or from a metal oxide without introducing the metal 
phase and, accordingly, we have a range of two-phase equilibria, oxide — oxygen 
gas, permitting us to assign to the oxide at the composition of the formula a 
definite oxygen potential. In general, when this term is used, it refers to the 
composition as given by the formula but it should be remembered that conditions 
are frequently found where the potential of oxygen in the oxide departs signifi¬ 
cantly from this value. 

Some Applications of Chemical Potentials. One of the commonest wa3^ 
of lowering the oxygen potential of a gas is to low^er the oxygen content by 
equilibrium with carbon or with carbon monoxide. The \’alues so obtained are 
generally low but of the right order of magnitude for metallurgical processes. 
At a total pressure of CO and CO, of one atmosphere and in the presence of solid 
carbon, the oxygen potential is fixed for any one temj^rature according to the 
reactions, C + O, ^ CO,, or 2C -f O, 2CO, which ever gives the lower 
potential. In the absence of solid carbon, the oxygen potential can be controlled 
over a very wide range by varying the CO,/CO ratio. 

Thus at, say, 1200® c., FeO can be reduced to Fe with pure CO, but in the 
presence of 30 % CO,, no reaction can take place because the potential of the 
oxygen in the two phases is the same. If the CO2/CO ratio is raised to unity, the 
surface of iron wiU be oxidised to FeO but a small leak of air into the S3rstem would 
raise the oxygen potential of the gas such that Fe,04 or FctOj would be formed. 
In the process of blueing ” st^l, the oxygen potential of the gas must be 
controlled so that a compact layer of FeO only is formed, (This changes partly 
to Fe,04 on cooling.) 
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At the same time, this gas mixture has a carbon potential which specifies the 
carburising or decarburising power of the gas. It is not possible to link this to 
a vapour pressure of carbon because this is immeasurably low but a suitable 
zero of potential can be taken as that of pure graphite. Oxygen and nitrogen 
can be removed from combination with some metals simply by evacuating or 
by reducing and maintaining the pressure below that of the chemical potential 
in the mel^. This cannot be done for carbon because of its low equilibrium 
pressure but the potential of carbon can be lowered by the addition of oxygen 
because the carbon and oxygen potentials are interlocked inside the gas phase 
by the chemical equihbria between them ; the higher the oxygen potential, the 
lower the carbon and vice versa. Inside the metal or other condensed phase, 
the interlocking is rather more complicated and the major part of the thermo¬ 
dynamic studies of metallurgical processes is aimed at a knowledge of this and 
other types of interlocking. 

Chemical Potentials in Metastable Systems. However, there are some 
very important cases where there is no equihbrium or interlocking in the gas 
phase but rather a metastable equilibrium with a solid. At 500® c., the nitrogen 
content of iron corresponding to equilibrium with one atmosphere of nitrogen 
is of the order of i to 10 atoms per 10,000 of Fe. It is not surprising that it is 
impossible to obtain a nitrogen potential in Nj gas sufficient to raise the N content 
of iron by very much, particularly as this content only rises as the square root 
of the Nj pressure. However, iron nitrides containing more than 30 N atoms per 100 
Fe can readily be prepared at this temperature by the action of NH3, providing 
the Hj is kept low. IMeasurements of the nitrogen potentials of these nitrides 
are not very accurate but values of the order of RIlog^io^ are indicated. 
Despite this high value of the N potential, nitrogen passes from the gaseous 
state to the solid and therefore must be at a higher potential in the former state. 
The potential of nitrogen in the gas should strictly speaking be measured only 
under conditions of equilibrium and from the actual partial pressure of N* given 
by the relation Pn, = Kt PiaHaZ-Pk,. However, at 500® c., the reaction, 
2NH3 ^ Ng -h sHg, is negligibly slow in comparison with the reaction, 
2NH3 ^ 2N(in Fe) 4- 3H2, which proceeds readily, in the forward direction if Pnh# 
is high and Ph, low and in the reverse direction if the pressures are reversed. 
The nitrogen potential clearly is related to these two pressures, just as the oxygen 
potential is related to Pco Pco„ whether or not the equilibrium pressures of 
Ng or Og exist. There exists, therefore, a chemical potential for nitrogen in 
ammonia-hydrogen mixtures given by Rllog^KT.PknJPkn which for Ph„ 
equal to, say, io"-» atoms, is equal to RTlog^ 10® at 500° c. This value is amply 
in excess of tiiat of nitrogen in iron nitride and accordingly ammonia can nitride 
iron by a “ downhill ” process. It can and does eventually go much further 
downhkl to the state of Ng + 3H2 but it prefers ** to go by the intermediate 
stage of iron nitride. 

The Iron-M&king Process. It is of interest to follow the oxygen potentials 
involved in making iron in the blast furnace. The essential data axe given in 
Fig. 2, which is a less detailed form of a diagram given later in the Discussion.^^ 
The solid lines give the O potentials as determined from the Po, in equilibrium 
with the two ph^es indicated (where one of these is CO or COg gas, the pressure 
of each is one atmosphere). The problem in iron-making is to submit the oxides 
of iron to contact with a gas whose temperature is high enough to provide plenty 
of molecules with the energy of activation, and whose oxygen potential is below 
that of the respective oxides. If one could provide a separate source of heat, 
it would, of course, be sensible to start with a gas contaming a high percentage 
of CO and thus a very low pressure of Og, and this is done in the sponge iron 
process. In general, however, it is simpler to provide the heat and the gas from 
the same reaction, the burning of carbon, and accordingly, in the blast furnace, 
air, whose conditions correspond to the point a on the diagram, is injected at the 
bottom of the furnace. 

If we follow a “ packet" of this air through the furnace, we will travel along 
the broken line, first with a rapid rise in temperature due to combustion, then with 

^ Dannatt and Ellingham, This Discussion. 
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where n is the amount of oxygen present and V the volume of the liquid iron. 
The scale on the right in Fig. 3 (6) is the same as that in Fig. 2, but the scale 
used for plotting h^, of necessity, been expanded about twelve times. 


a b* c 



Fig. 3.—^The capacity of various systems as a fanctioii of the potential (a) Electrons in 
a condenser; (6) Oxygen in Iron; (c) Carbon in Iron. The area under any level 
is the amount ot material present. 


While the “ walls ” of our vessels have no definite upper limit, there are very 
real chemical limits. The potential of oxygen in FeO at 1600® c., as given in 
Fig. 2, lies at —70 kcal Any attempt to put oxygen into iron above this limit 

will just result in the for- 
/ mationofFeO. In other 
/ words, there is a “leak “ 
/ at this level into another 

^ ■ / phase with an unlimited 

/ capacity ; the whole of 

/ the iron could be burned 

7 ^ ^// 77 ‘ / 7 ‘ 7 ' /y////y//^Xyy away at this oxygen 

/////^^ Similarly, if the iron 

saturated with car- 

^ would not be 

g 7 y//^ heat content / /////J possible to raise the oxy- 

\^v/yy/ cAu- yO/ //j gen potential above —130 

u //y/yy / / / yy y kcal. without producing 
I supersaturation with re~ 

'“««spect to CO. The leak 

here is into the gas 

/y//yy//// /yyy phase. As the carbon 

y///////yyy^ potential falls, however, 

"/yV permissible oxygen 

/yy^^ potential goes up. In 

/y/y/j^^ case, the interlocking 

carbonCbrapmitb) = constant. The carbon 

Y can be “ blown out" with 

j-j-j-1jj oxygen in a Bessemer 

HEAT cAPAary—Cp cal./degree converter until the ox^ 

Fig. 4.—^Thfi capacity of carbon to take in heat as a potenti^ to 

function of the temperature (potential) “7^ where 1 ^ 

bum the iron to FeO. 


At this point* the potential of 2C will be —60 kcal. with respect to that of a 
satoiated solution at 1600® c. The carbon concentration corresponding to this 
potontial has been found to be o-oi wt.-‘%. 
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This burning of iron would put a limit on the possibility of removing carbon 
from iron, were it not for the fact that one can lower the level of the leak by 
lowering the pressure. (The above values are for i atm. CO.) Iron with a low 
content of carbon and oxygen can be prepared under high vacuum. The presence 
of an inert gas can assist in obtaining the necessary very low partial pressure of 
CO. 

Activities and Activity Coefficients 

In the case of carbon, we have obtained a convenient zero for the chemical 
potential because of the fact that saturation occurs with the pure solid. Many 
other elements, as we have seen, are miscible in all proportions and therefore a 
definite link between the chemical potential of that element in solution, and the 
zero, chosen as that of the pure substance, is not possible. Furthermore, it is 
found that the potentials of most elemenfs in solution, except for very dilute 
solutions, do not follow the simple logarithm-of-concentration law as illustrated 
by eqn. (4) for oxygen. 

Basically, this is due to the fact that the vapour pressure of that element does 
not bear a linear relation to the concentration, throughout the range from dilute 
solution to the pure element; i.e., Raoult*s law is not obeyed. In order to make 
use of the fundamental equation (3), it becomes necessary to define a parameter 
dimensionally the same as concenteation but which does bear a linear relation 
with the vapour pressure and can thus be used in the specification of the chemical 
potential. This quantity is the activity a and is related to the concentration b5’ 
the activity coefficient/by the relation: 

a == fc .(6) 

Much of the physical chemistry covered by this Discussion is concerned with 
the factors which determine tiie activity coefficient.^^ In general, forces of 
attraction between the solute atoms or molecules themselves or between them 
and the solvent lead to increased values of/, and forces of repulsion to decreased 
values. 

The chemical potential now becomes 

jA = RT log a + const. = RT log fc + const. . . (7) 

and the capacity 

Vdc 

diA “"/Jr / dtx * • ' • 

From the measured and extrapolated values for the activity of carbon dissolved 
in iron, the curve in Fig. 3 (c) has been drawn. The contrast between this curve 
and that in Fig. 3 (&) is striking. The lower part of the curve is the same, which 
means that, for small additions to pure iron, carbon behaves normally. Before 
long, however, the normal increase in capacity is not kept up and indeed a 
decrease occurs at higher concentrations ; all of the spaces in the iron available 
to take up carbon are becoming filled. As before, the potential of the carbon 
in the iron cannot rise above that of pure graphite. 

Conversely to this example, the addition of a substance, which has an affiniiy 
for the element (or compound) whose chemical potential is being studied, lowers 
the value of/and produces a " bulge outwards in the capacity curve. If there 
is a fixed amount of the element present, the top level, if it is above the bulge, 
will fall as the element fills this bulge. 

As it is not possible as yet to fix definitely the position of what m^ht be 
considered as Ihe normal ” capacity curve, it is not always possible to say 
whether a curve has a bulge in one place or a constriction in another. This 
provides plenty of scope for argument about the formation, or otherwise, of 
chemical compounds. For example, are the spaces available for carbon in iron 
really c^portunities to form FcgC or does the carbon atom combine with the 
mass of the iron and exert a repulsive force towards any carbon neighbours ? 
Certainly, the tendency in solid iron for interstitial atoms to form superlattkes 

** See, for example, Chipman (" Activities in Liquid Metallic Solutions *'), Thw 
Discussion. 
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with the maximum separation and for one interstitial element to lower the 
capacity available to the other is somewhat easier to visualise on the basis of 
repulsive forces. However, an increase in a repulsive force is not yet really 
distinguishable from a decrease in an attractive force and therefore the choice 
is not very important. 

Slag Refining. So far our attention has been concentrated on the movement 
of elements or compounds between the metal and the gas phases. Much of 
process metallurgy is concerned with movement between a metal and a slag 
phase as in the third section of this Discussion. We have oxygen, sulphur, 
phosphorus, etc , potentials of the slag and a capacity curve for each but of a more 
complex shape. Of course, these elements will always tend to move to the slag 
if their potential there is lower than it is in the metal. We can picture tlie 
process of refining, say, for sulphur, as the connecting of two “ vessels ” by a 
bridge for sulphur followed by a flow until the top level of our fluid ” is the 
same in both vessels. The mte at which this flow takes place has already been 
discussed in Part II of this paper. 

The shape of the curves in Fig. 3 (b) and (c) gives a simple picture of the fact 
that it is easy to remove a large amount of an element when its potential is high 
but very difficult when it is low. We can also see from these that an increase 
of the volume of the slag or the addition of some substance which will bulge out 
the curve at a low level of potential wiU both help to draw an element into the 
slag. From these curves, one can work out the optimum conditions for double 
slagging ; the second slag requires a greater capacity at a low potential than does 
the first. 

Deoxidation of Steel. As we have seen, liquid steel from which most of 
the carbon has been removed by oxidation contains oxygen up to a potential 
near that of FeO. On cooling, ihis oxygen combines wilh the remaining carbon 
and bubbles ofl as CO, the steel formed being called rimming steel.'* How'ever, 
most steels are partiy or wholly deoxidised or killed ** by the addition of such 
elements as manganese or aluminium which open a leak " in the potential- 
capacity curve as shown in Fig. 3(6). These combine with all of the oxygen above 
the level of the leak and form an oxide which separates as a distinct slag phase; 
in the case of aluminium, the deoxidation is efiectively complete, the remaining 
oxygen being about 10-® %. As the elements themselves axe soluble in iron and 
the oxides produced are soluble in the slags, their activities are variable and are 
related to Ihe concentrations used. The level of a leak is thus not fixed as in the 
case of FeO but covers a band for each element as shown by the brackets in the 
figure. The bands are placed to cover the ranges of concentration in which 
these elements are usually found. 

Chemical Potentials in Single-Phase Equilibria 

The reader used to the conventional method of introducing chemical thermo¬ 
dynamics will be surprised that homogeneous equilibria so fsi have barely been 
referred to. In process metallurgy these are, however, of secondary importance 
to the movement or partition between two phases. Nevertheless, equilibria in 
sin^-phase systems are of great importance because they control the external 
relations of that phase. Unfortunately, practically no methods exist for 
dete rminin g the actual molecular species and their amounts present in metals- 
and slags. The most reliable studies of these equilibria are based on studies 
of the chemical potentials of the species by equalising these to a gaseous phase 
where they can be measured, and then by measuring the interlocking of the 
potentials. The interlocking is expected to follow the well-known law of mass 
action and much work has b^n done to show when this happens or what activity 
coefficients must be introduced to make it happen. However, the form of the 
interlocking is the thing that really matters in process metallurgy and the exact 
chemical nature of each species in the equilibria is of secondary importance. 

Chemical Potential, Activity, Free Energy 

The reader of thermod3niamics may easily become confused with the many 
terms us^. Activity and chemical potential are closely related, the latter 
varying simply as i? Jlog^ of the former. The potential has the advantage of 
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being of wider use than the activity as it is easier to fix a point of reference of 
potential between two phases than it is to link activities. It is also easier to 
calculate the chemical potential (on the basis of its components, the heat term 
and the entropy term) than it is activity. Indeed, chemical potentials can 
sometimes be determined directly from an electrical potential of a cell 

In most papers on thermodynamics in chemistry, the term free energy is used. 
Usually, this refers to the Gibbs free energy and is associated with a particular 
chemical equation. It is not proposed here fully to compare this term with 
chemical potential except to say that, in reactions involving the transfer of a 
given species from one phase to another, the two terms are identical In all other 
usage, they are closety related 

There are many advantages in the use of the concept of chemical potential as 
against free energy. The term potential unambiguously suggests an intensive 
factor whereas the term energy is, except in this case, invariably used as an 
extensive factor. (Some authors also use the term free energy as an extensive 
factor.) Furthermore, by its association with electrical and gravitational 
potentials, it is automatically visualised as a driving force for something to 
happen. Its use focuses attention on the movement of the particular species of 
primary importance in the metallurgical process, whereas the use of free energy 
brings too much into prominence chemical equations which are often so numerous 
that they obscure the picture. Finally, it permits the introduction of a 
** capacity to describe the abilitj’ of a given phase to take up the species at each 
particular potential level. 

Conclusion 

In laying out here the principles of physical chemistry, the author has 
had to select ways which he believes to be simplest to understand and yet 
w'hich are su£&cient to form a firm foundation for the subject. Some of 
the alternative ways of dealing with these principles will be referred to in 
other papers of this Discussion. The subject has been allowed by some 
authors to grow to great complexity with a consequent loss to the many 
whose work would benefit by its application. It is hoped that this Discussion 
will bring out the fact that the essential principles are really quite simple. 

B. /. S. 22. 

II, Park Lane, 

London, W.i, 

Rose, Davis and Ellingham, lhis> Discussion. 
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ACTIVITIES IN LIQUID METALLIC SOLUTIONS 
By John Chipman 
Received yth June, 1948 

Equilibrium 

In a substantial fraction of the high temperature processes of metallurgy 
the limitations within which the process must operate are prescribed by 
conditions of equilibrium* No process can be carried beyond a state 
of equilibrium and it is only by adjustment of the factors which control 
the equilibrium that the completeness of these metallurgical processes may 
be controlled. Processes must operate at finite rates if they are to be 
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profitable and hence equilibrinm in the rate-controlling steps must be avoided. 
Even in such cases, however, a knowledge of the actual condition of equi¬ 
librium in each step of the process is essential to the application of reaction 
late theory. Such considerations as these have led process metallurgists 
to take a lively interest in studies of equihbrium, at least with respect to 
such systems as are of current or potential practical importance in the 
production of metals. 

The condition of equihbrium in a system which is maintained at a fixed 
temperature and pressure is described thennod5mamically by the require¬ 
ment that the free energy of the system be a minimum. Applied to a 
chemical reaction this means that when the reaction occurs under equi¬ 
librium conditions the change in free energy is zero. As an example, in 
the reaction 

C (graphite) + CO^ (^) = 2 CO (g) . . . (i) 

the equihbrium condition at constant temperature and pressure is defined 
by the equation 

AG = 0 = 2 Geo — ^c — G-QOt * • • (^) 

in which the G's represent the molal free energies of the respective sub¬ 
stances. Now these molal free energies or chemical potentials are, in the 
case of gaseous substances, related to the partial pressures by equations of 
the form 

Geo = Geo “h pco . • • . (3) 

where Geo is the standard free energy at unit pressure (normally at 
I atmosphere pressure), R is the gas constant and Inj^co is the natural 
logarithm of the partial pressure. Since the free energy of a solid is only 
very slightly affected by changes in pressure, the value of Gc may be con¬ 
sidered independent of the partial pressures of the two gases. One may 
substitute vilues of G for the gases as given in (3) into (2) to obtain 

AG = 0=2 (Geo Hh lii_/>co) — Gc — (^^coi + h^^coj 

Now if we define AG° in the same manner as AG was defined in (2), the 
above expression simplifies to 

AG'> = -Krin^ = -jRrinJ: ... (4) 

PcOt 

Here AG° is the increase in free energy in the reaction when each substance 
used or produced is in its standard state. At any given temperature it 
has a fixed value. 

This is the derivation of the law of mass action and the ratio peolpeot 
t5rpifies the equilibrium constant of the mass law. In deriving it we have 
neglected the effect of pressure upon the solid carbon and have assumed 
in (3) that the gases are ideal. At quite high pressures these assumptions 
are not valid and the ratio which we have called the equilibrium constant 
ceases to be a constant. 

In the early application of the mass law to reactions which occur in 
solutions, the pressure terms were replaced by molal concentrations. In 
many instances this procedure 3rielded constants which appeared to be 
actually constant over a range of concentrations. In many other cases 
however, the “ constant proved to be highly variable and its deviation 
was far greater than could be explained by experimental errors. Now I 
know of no circumstance which is quite so embarrassing to a ph5^cal 
chemist as the existence of a "constant” of unexpldnable variability. 
The atuation was saved at the turn of the century by G. N. Lewis ^ in the 

* Lewis, Ptoc* Amer. Acad,, 1901, 37, 49; 1907, 43, 259. 
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invention of the functions, fugacity and activity. The first of these is 
nothing more than a corrected pressure which becomes equal to the pressure 
when the gas becomes ideal. Since at high temperatures and moderate 
pressures the gases which take part in metallurgical reactions do not depart 
significantly from the ideal behaviour, we shall here neglect the distinction 
between fugacity and pressure and proceed to a consideration of the activities 
of substances in solutions. 

Activity, —Consider two solutions of the same components at the same 
temperature but of different concentrations and let one of these be accepted as 
a standard reference state. Let and pi be the partial pressures of component i 
in the vapour in equilibrium with the two solutions, the second being the 
standard. The activity of component i in the first is then defined by the 
equation * 

««=ptipt .( 5 ) 

It is evident that the activity of i in the standard solution is unitj\ The rela¬ 
tionship between the activity and the chemical potential (which is the same 
as the partial molal free energy and is equal to the molal free energy of 
the vapour in equilibrium with the solution) is obtained b5" applying equations 
of the type of (3) to the vapour at the partial pressures of eqn. (5). This yields 

ti,-fi? = i?rin^4 = «rina, ... (6) 

where is the chemical potential of i in the solution which was chosen as 
standard, i.e., the solution in which cz, == i. 

An ideal solution is defined as one in which there is no heat of mixing, and 
no volume change and in which the partial pressure of each component obeys 
Raoult's law : 

Pi — N| ..... (7) 

where Ni is the mole fraction in the solution and pt the vapour pressure of the 
pure component i. This makes pure i the standard reference state and requires 
that, in an ideal solution, « N^, It follows that in an ideal solution 

tjt,-l4 = i?rinN, .... (8) 

Another important characteristic of an ideal solution is expressed in the 
partial molal entropies of its components. From the basic tiiermodynamic 
relationship * _ _ 

V^i — Hi — TSi ..... ( 9 ) 

and from the fact that Hi = o, since there is no heat of mixing, it follows 
that _ 

Si^ -^RlnNi .... (10) 

This is exactly the value required by statistical mechanics for a solution in which 
■the mixing of the several kinds of molecules is completely random. 

Non-ideal Solutions. —iMetallic solutions generally deviate from Raoult's 
law. A-ttractive forces between unlike atoms, as frequently exhibited by 
formation of intermetallic compounds, give rise to negative devia-fcions. Where 
these attractive forces are smaller than those between like atoms, positive 
deviations occur. In either case, a, is not equal to The ratio OtlNtis given 
the S3mibol y, and is called the activity coefficient. The deviation of y, 
unity is a simple measure of the departure of the solution from ideal l^haviour. 

Both activity and activity coefficient change vith the temperature in accord¬ 
ance with the equation _ 

d In d In y< _ —L, 

’"dT" ~ ndT" “ RT* • • ‘ ‘ ^ ^ 

where L, = — SJ is the partial molal heat content of i referred to the chosen 

* Lewis and Randall, Thermodynamics (McGraw-Hill, New York, 1923}- 
♦ More rigorously the p"a are the corrected pressures or fogaciiies. 
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standard state. In any solution in which the heat of mixing is zero the activity 
is independent of temperature. 

The concept of the regular soluHoti was introduced by Hildebrand« in 1927. 
In such a solution the distribution of molecules is completely random and hence 
statistical mechanics requires that the entropy of each component be that 
given by eqn. (10). The heat of mixing may be positive or negative and this 
determines the deviation from Raoult*s law. By means of (6), (9) and (10) 
it may be shown that for such a solution 

R2 In y, = H, ~ if: = L, . . . . (12) 

Another important property of a binary regular solution is expressed in the 
following equation which connects the chemical potential of one component 
with the mole fraction of the second 

{jLi (regular) — jxi (ideal) = & iV| . . . (13) 

where the constant b is independent of the concentration. Hildebrand and 
Wood * have shown that an equation of this form is derivable from statistical 
mechanics for a regular solution provided (i) the molecular volumes are equal, 
(2) the attractive potential is inversely proportional to the sixth power of the 
intermolecular distance, (3) the energy of mixing is only that due to this potential 
and (4) that the potential between unlike molecules is the geometric mean of 
that between like molecules. Many pairs of organic liquids are known whose 
solutions follow quite closely the regular behaviour prescribed by (13). 

Semi-regular Solutions.—^In metallic systems it is not to be esq^cted that 
solutions will always conform to regular behaviour. In fact regularity implies 
lack of order and absence of any tendency toward compound formation which 
immediately rules out many interesting metallic systems. Many metallic 
solutions do conform surprisingly well with both (10) and (13) though not at all 
concentrations. We shall call ttiese semi-regular solutions. If departure from 
regularity is due to ordering it is evident that some sort of disorder parameter 
must be introduced into eqn. (10), The entropy of a component of such a 
solution has the value _ _ 

S, = S?-D/elnN, .... (14) 

and the parameter D has a value of unity in a completely disordered, hence 
regular, solution. 

On theoretical grounds (13) can be extended to components of dissimilar 
molecular volume by substituting volume fraction for mole fraction. In the 
few cases involving metallic solutions of unlike atomic volumes in which the 
experimental data are sufficient, it is found that this substitution does not 
diminish the departure from regularity. The effect of volume appears to be 
small compared to deviation from the assumptions made with respect to inter¬ 
atomic potential. Eqn. {13) does not always fit the facts even approximately 
over a wide range of concentration. It does, however, express the behaviour 
of dilute metallic solutions remarkably well and we shall define a semi-re^lar 
solution as one which conforms to this equation at each end of the composition 
range. A more useful form of the equation is obtained by combining it with 
(6) and (8) to obtain 

bNl .... (15) 

Activity from Vapour Pressure 

The most direct method for establishing activity is the measurement of 
vapour pressure. This method has been applied extensively to studies of 
the amalgams, for which it is especially well adapted on account of the 
high vapour pressure of mercury. The earliest complete study of a system 
by vapour-pressure measurements was that of Hildebrand ® on zinc amalgams. 


^ * Hildebrand, Proc. Nat, Acad, Sci,, 1927, 13, 267. 

^ Hildebrand and Wood, J. Chem. Physics, 1933, i, 817. 
'Hildebrand, Trans, Amer, Electrochem, Soc., 1912, 2a, 319. 
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Hildebrand and Eastman ® measured vapour pressures of mercu^ over^ its 
alloys with gold, silver and thallium at temperatures near the boiling point. 
The activity of mercury in thallium amalgams, at 325® c., as computed bj" 
(5), is shown in Fig. i. It is evident that the departure from ideality is not 
great. The logarithm of the 
activity coefficient, a/N, is 
plotted against the square of 
the mole fraction of thallium 
in Fig. 2. The curve is fairly 
typical of semi-regular solu¬ 
tion behaviour, approaching 
a linear relationship at either 
end and curving smoothly 
in the intermediate range. 

The quantity b in eqn. (15) 
varies considerably over the 
composition range and the 
solution is therefore not regu¬ 
lar. Limiting values of b at 
the extremities are, at the 
mercury end, approximately 
2000 and at the thallium 
end 265. In dilute solutions 
the value of h is exceedingly 
sensitive to small errors of 
measurement and few data 

exist which are good enough ^ ^ m 

for accurate extrapolation to zero concentration. Conversely, cmci^tea 
activity coefficients at low concentration are insensitive to errors in b and 
roughly approximate values of this quantity are therefore sufficient. ^ ^ 

^ A summary of activity 

coefficients 6 « ? » » 10 11 of 
mercury in liquid amalgams 
at temperatures near the 
boiling point of mercury is 
given in Fig. 3. The ty^ of 
plot used here is a very 
convenient means of record¬ 
ing deviations from ideal 
behaviour. It shows also 
deviations from regularity, 
indicating that in general the 
aTnalgams behave as semi- 
regular solutions. 

Molten Brass.—^The acti¬ 
vity of the volatile component 
when the second is non-volatile 
may also be determined from 
the boiling point of the solu¬ 
tion. Measurements of the 

• Kan? * *^**," Hildebrand, J. CAdtu, Soc,, X 9 ^ 4 > 3 ®» 2020 ; I 9 X 3 » 37 * 

’ Bent and Hildebrand, /. Afttar. Cbsm, Soc., 1927. 49 » 

® Hanffe, Z'. EUkirochem.t X940, 46, 352. 

• Millar. J. Atn^. Chem. Soc., 1927. ^ 

Pedder and Barratt, J. Chsm. Soc„ i 933 » 537 * ^ 

» Hildebrand, Foster, and Beebe, J. Atner. Chem, Soc„ 1920, 4a, 545 - 
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Fig. 2.—Logarithm of the activity coefficient of 
mercury as a function of the square of the 
mole fraction of bismuth and thalli um, illus¬ 
trating semi-regular solutions. 
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boiling points of copper-zinc alloys reported by Hansen/® Lohr and Popoft 
were employed by Johnston to estimate the activity of zinc in molten 
brasses. These data, along with more recent vapour-pressure measurements 

of Schneider and Schmidt 
may now be re-examined in 
the light of the regular-solution 
equation. The activity of zinc 
at the boiling point of brass is 
equal to the reciprocal of the 
vapour pressure of pure zinc 
m atmospheres at the same 
temperature, the values being 
obtained from Kelley’s tables. 
Two recent studies of the 
vapour pressure of zinc in solid 
brasses by Hargreaves and 
by Seith and Kraus may be 
extrapolated to 3deld data on 
molten brass. Hargreaves’ 
data at 902® extrapolated to 
32 atom % zinc indicate a 
pressure of 95 mm. which is 
equal to that of a liquid brass 
containing 37 atom %.^* Simi¬ 
larly the data of Seith and 
Kraus at 850® are extrapolated 
to 3deld a pressure of 133 mm. 
over p-brass of 53 or a liquid 
of 56 atom % zinc. These two 
extrapolations, together with 
the vapour pressure of pure 
zinc, lead to activity coefficients 
of 0*37 and 0*57 respectively. 

Since the data cover a range 
of 850° to 1365® it is scarcely 
safe to neglect, as Johnston 
did, the ettect of temperature 
on the activity coefficient. A 
better approximation is obtain- 
Fig. 3.—Activity coeffidents of mercury in ed by assuming, as Scatchard 

various amalgams near the boiling pomt of and Hamer have done in a 

pure mercuiy, similar case, that 6 of eqn. (15), 

and hence RT In are in¬ 
dependent of temperature. A plot of RT In against iVgo is shown in Fig. 4, 
the straight line being sufficient to represent all of the data within the rather 
wide limits of experimental uncertainty. From this line, values of the activity 
and activity coefficient of zinc in molten brass at 1200® c. have been 
computed and are shown in Fig. 5. 

The boiling points of brasses containing from 10 to 60 % zinc, computed from 
the straight line of Fig. 4, are shown in Table I. These values obviously cannot 
be more accurate than the average data from which they were computed, or 
about ±25®. However, they represent average values based upon several sets 
of data and are therefore probably more dependable than any one set. Further 

“ Hansen, Trans. Awer. Inst. Met , 1912, 6, no. 

Lohr and PopofF, quoted by Gillett, U.S. Bur, Mines Bull. No, 73, 1914, p. 126. 
Johnston, Trans. Amer. Inst. Min. Met. Eng., 1919,60,417 ; Int. Crit. Tables, 284. 
Schneider and Schmidt. Z. Elekfrochem., 1942, 48, 627. 

« Kelley, U.S. Bur. Mines Bull. No. 383.1935. 

Hargreaves, J. Inst. Metals, 1939, ^ 115. 

Seith and Kraus, Z. Elektrochem., 1938, 44, 98. 

Raynor, Annotated Equilibrium Diagrams No. 3 (Inst, of Metals, 1944). 
••Scatchard and Hamer, J. Amer. Chem. Soc., 1935, 57. 1809. 
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expenmental work would be needed to improve the accuracy of these data and 
to establish the dependence of the quantity b on temperature and composition 

TABLE I 

Calculated Boiling Points of Copper-Zinc Alloys 



--2000 ^ 

- i? O LOHR 

i5 0 POPOFF 
O HANSEN 

c A SCHNEIDER a SCHMIDT O 
^ 6 HARGREAVES (extrop.) ^ 

■ ^ 9 SEITH a KRAUS (extrap) 

- -6000 ^,Cu 

0.2 04 06 0.8 

t i I I I I I I I 


Fig, 4.—^Values of b or /ZT In Yza in molten copper-zinc alloys from vapour pressures 

and boiling points. 


Other Systems.—Several additional ^sterns containing the volatile metals 
zinc and cadmium have been studied by similar methods. Fig. 6 gives the 
activity coefficients of these metals at 850® in solutions of copper, silver and 
gold, computed from the data 
of Schneider and Schmidt 

Dilute Solutions.—^Hei^'s y - 

law states that m a dilute ^ Zn 

solution the activity of the or X y/ 

solute is proportional to its ^ / // 

concentration. It is evident _ / y / 

that the concentration may be ’ / y / 

expressed in any convenient / / / 

units since at sufficiently great / / q 

dilation each concentration unit _ ^zt\ y y / ” 

bears a fixed ratio to every / /^Zr 200- 

other. Within the range of ^ / / y 

composition for which Henr>'*s X / y 

law is valid the activity co- _ / y 

efficient is constant and its / y 

value is designated y®. In Fig. 5, _q2 / y 

for example, y^ is 0-23. / y/ ] 

It is frequently convenient . / — N 50 ' 

and sometimes necessary to / **^0 4 06 0 8 

^opt a scale of activity which is i i t »_1_i-1-: 

independent of that of the pure —Activity and activity coefficient of adne 

substance. For example, if we molten brass at 1200" c. The activity 

are dealing with high-copper scale along the right-hand ma^in is based 

brasses and do not wish to upon the infinitely dilute solution. 


04 06 


Fig. 5.—Activity and activity coefficient of zinc 
in molten brass at 1200" c. The activity 
scale along the right-hand ma^in is based 
upon the infinitely dilute solution. 
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concern ourselves with pure zinc, the latter would be an unnecessarily cumber¬ 
some standard reference state. In such a case it is convenient to select a 
standard state which lies within the composition range in which Henry's law 

is valid. It appears here that Henry's 
law is valid up to a mole fraction of 
about 0-05. A convenient reference 
state is secured by expressing the 
concentration in atom-% and taking 
a = I and c = i at i atom-%. There 
are many cases, however, in which 
Henry's law is valid only at extremely 
low concentrations and in general it is 
more satisfactory to define the standard 
state for dilute solutions by letting a/c 
approach unity as c approaches zero. 
The ratio ajc is an activity coefficient 
to which we shall give the symbol /, 
reserving the symbol y for a coefficient 
based upon the pure component. The 
new scale of activity is shown along 
the right-hand margin of Fig. 5. It is 
based upon a h3^othetical solution in 
which the activity (not necessarily the 
concentration) is unity and which in 
other respects has the properties of the 
infinitely dilute solution. This seems 
a complex definition but its use elimi- 
LESS'ACTIVE COMPONENT nates other complexities. 

PxG. 6 —Activity coefficient of the more The difference in chemical potential 
volatile component in several liquid of zinc in the two standard states is 
systems at 850^ c. the free energy decrease which occurs 

when I g.-atom of zinc is transferred 
from the pure liquid to the dilute solution of unit activity. The numerical 
value is obtained from eqn. (6) and the data of Fig. 5. The former may l>e 
written: 

[4, (dU. soln.) — {*1. (pure) = J?r In 

in which the ratio of the activities of zinc in the two standard states is, of course, 
tile same on either scale. At 



1200° c., y® is 0-23 and the 
ratio of the two activity scales 
is 0-0023. Hence the differ¬ 
ence between the two standard 
chemical potentials is RT In 
0-0023 —17,800 cal. 

Activity from 
Electromotive Force 
Measurements 
When an dectrolytic cell 
operates reversibly its e.m.f. 
is related to the free energy 
change in the cell reaction 
by the equation 

AG = —mFjB . (17) 

where F is the Faraday 
equivalent or 23,070 cal. per 
equivalent volt, E is the 
and n is the number 



Fig. 7.—Activity coefficient of thallium in 
anutigams at 20® c. 
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of Faradays required for the cell reaction. When the electrodes are two 
alloys of the same metal but of different concentration and the electro¬ 
lyte contains the ion of the more electropositive metal, the overall cell 
reaction is the transfer of this 
metal from one electrode to 
the other. In the classical 
experiments of Richards and 
Daniels ^ thallium amalgams 
of various concentrations were 
measured against a saturated 
amalgam in an aqueous solu¬ 
tion of a thallous salt. The 
activity of thallium in the 
amalgam was then found by 
the equation 

RT)xi^, = -nFB . {18) 

The results have been dis¬ 
cussed fully by Lewis and 
Randall 2 who used the in¬ 
finitely dilute solution as the 
reference state making ajN 
for thallium equal to unity at 
infinite dilution. The activity 
coefficient at 20® is shown in 
Fig. 7. Here it should be 
noted the activity coefi&cient 
f measures the deviation from 
Henry s law which is positive g—Activities of the more positive metal 

and corresp)onds to negative from electromotive force measurements in 

deviation from Raoult's law, tused salt baths. 

The semi-regular behaviour 

of this solution is clearly shown in the figure. 

At higher temperatures fused salts are substituted for aqueous solutio^. 
In this way Taylor ** was able to determine the activities in several series 



Fig. 9.—^Partial molal heat of solution in several alloy systems. 


of liquid alloys of zinc, cadmium, tin, lead and bismuth. The electrol5rt:e 
must contain the ion of the more electropositive metal but it was found, 

Richards and Daniels, /. Amer, Chem. Soo , 1919* 4 *. I73®< 

•* Taylor, ], Amer. Chem. Soc., 1923. 45 ^ 2865 
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for example, that when pure zinc chloride was used in contact with zinc a 
metallic “ fog ” was formed. This was avoided by using a dilute solution 
of zinc chloride in a eutectic mixture of potassium and Hthium chlorides. 
Taylor's results at temperatures near 500® c. are shown in Fig. 8. Similar 
resialts by Hildebrand and Sharma and by Seitz and has co-workers 
are included. It will be noted that many of the solutions are regular or 
semi-regular, but that in a few cases there is marked deviation from re^- 
larity in dilute solutions. This appears to be due to opposing tendencies 
among two components which, because of differences in internal pressure 
or atomic diameter, would be expected to show positive deviation from 
Raoult's law but on account of a tendency to form compounds actually 
show negative deviation over most of the range of composition. 

Effect of Temperature on Regular Solutions 
The activity coefficient changes with temperature in accordance wi^ 
eqn. (ii). By means of this equation the partial molal heat of solution 
may be calculated when the activity coefficient is known as a function of 
temperature. The Helmholtz equation may also be used to calculate the 
heat of solution from the electromotive forces of the cells discussed above, 
when these are known at several temperatures. Thus 


A = H,-H?=«F[r(dE/dr)-E] . . (19) 


where is the partial molal heat of solution of the more electropositive 
metal in the alloy. In regular solutions is a linear function of JVJ while 
in semi-regular solutions the curves are not quite linear as illustrated from 
Taylor's data in Fig. 9. 

Taylor found that in all of the cells he studied the heat of solution is 
practically independent of temperature within the limits of error of the 
experiments. Data on other semi-regular solutions confirm the conclusion 
that the heat of solution does not vary greatly with temperature. This 
conclusion should not be extended to systems which esdiibit a strong 
tendency toward compound formation, and it is not to be regarded as at 
all precise even for strictly regular solutions. 

By means of eqn. (12) the activity coefficient may be obtained from the 
heat of solution provided the solution is regular. This provision constitutes 
a serious limitation since in the usual experimental approach the activity 
coefficients must be determined before it is known whether or not the 
solution is regular. Nevertheless the equation affords a basis for rough 
estimates of activity coefficients which may be useful in a few special cases. 
It cannot be relied upon in the presence of a tendency toward compound 
formation. Thus Korber and Oelsen used this method to estimate the 
activity coefficient of silicon in liquid iron from the heat of solution, resulting 
in entirely erroneous conclusions. 

The temperature coefficient of the e.m.f. of a cell is directly related to the 
change in entropy in the cell reaction by the equation 




(20) 


When the cell is of the type under discussion the entropy change is that of 
transfer of i g.-atom of the electropositive metal from the pure metal to 


HUdebrand and Sharma, J. Amer. Chem, Soc., 1929, 51, 462. 

** (a) Seitz and Dewtfc, J. Amer, Chcm. Soc., 1938, 60, 1305 ; (6) Stiiclder and Seitz, 
/. Amer, Chem. Soc., 1936, 58, 2084; (<;) ^Itz and JDunkerley, J. Amer. Chem* 
Soc., 1942, 64, 1392; (i) Seitz, Trans. Electrochem. Soc*, 1940, 77, 233. 

** Kdrber and Oelsen, Mitt* Kaiser Wilhelm Inst. Eisenforsch*, 1936* x8, 109. 
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the molten aUoy, a value which for regular solutions is given by eqn. (lo), 
for semi-regular solutions by (14). It follows that for such a cell 

J 77 

^ = —DR hiN, . . . . ( 21 ) 


in which the value of Z> is 
unity for regular solutions. 

Values of dE/dT for a number 
of cells studied by Taylor,^^ 

Hildebrand and Sharma ^ and 
by Seitz and co-workers^* 
are plotted against the loga¬ 
rithm of the mole fraction in 
Fig. 10. It is noted that the 
value of D lies between the 
limits 0*95 and 1-5 for those 
solutions which appear to 
be semi-regular and varies 
strongly at compositions 
corresponding to solid com¬ 
pounds. 

Activity from Phase 
Diagrams 

For certain kinds of binary 
phase diagrams it is possi¬ 
ble to determine activity 
coefficients in the liquid solu¬ 
tions from the location of 
the solidus and liquidus lines. 

The reverse procedure of 
utilising activities determined by e.m.f. measurements to establish the 
phase boundaries is illustrated in the work of Strickler and Seitz on the 
system lead-bismuth. The calculation of activity from the phase diagram 
is limited to systems in which the activities in the terminal solid solutions 
axe known or in which these solutions cover only a very limited range of 
composition. Moreover, if intermetallic compounds are formed they interfere 
seriously with the attempt to extend the calculations over the entire 
composition range. For systems of the simple eutectic type the method 
affords a means of obtaining coefficients of at least approximate validity. 
The method depends upon two principles, (i) that for liquid and solid 
phases in equilibrium the chemical potentials are the same in both phases, 
and (2) that the difference in chemical potential (free energy) between the 
liquid and solid states of the pure metal is calculable from the heat of 
fokon. The calculation will be fllustrated for two solutions in liquid iron. 

The Systems Iron-Sulphur and Iron-Oopper.—The heat of fusion of iron 
is 3670 cal. per g.-atom at the melting point 1535°. The liquid has a slightly 
higher heat capacity than the solid, AC^ being about 0*3 cal,/degree.** From 
these data the change in free energy on melting is 



Fig. 10 .—^Temperature coefficient of electro¬ 
motive force in the formation of molten 
alloys. 


Fe ($) = Fe (liquid); AG^ = 3130 - 0-3 Tin T + o*5i8r . (22) 

Values of {G (liquid) — G (B))IT are shown in Table II. When y-iron is the 
solid phase a slight correction is required and the resulting values are also 
tabulated. Since the undercooled pure liquid is taken as the standard state. 


** Darken and Smith, private communication. 
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the activity of the solid is less than unity and its value may be obtained from 
the free energy by eqn. (6). Values of log a for S- and y-iron are included in 
Table II. It is evident that when a liquid solution is in equilibrium with sub¬ 
stantially pure iron, the activity of iron in the melt is that given in the table. 


TABLE II 

Free Energy and Activity of Solid Iron Relative to Liquid 


0 

\ 

Gt-Gs 

T 

1 

Gir-Gy 

T 

—log as 

— log tfy 

1183 

1 

1*019 

1*019 

0*223 

0*223 

1300 

0*760 

0*771 

0*166 

0*168 

1308 

0*744 

0-755 

0*162 

' 0*165 

1400 

0*571 

0*584 

0*125 

, 0*127 

1500 

i 0*404 

0*415 

o*o88 

1 0*091 

1600 

0*258 

0*264 

0*056 

0*057 

1673 

0*162 

0*162 

0*035 

« 0*035 

1700 

' 0*128 

0*126 

0*028 

{ 0*028 

1808 

1 0*000 


0*000 

0*000 


The phase diagram for the system iron-sulphur is reproduced in Fig. ii 
The portion up to 36-5 % sulphur may be regarded as a binary Fe — FeS in 
which there is essentially no solubility in the solid iron and considerable positive 
deviation from Raoult*s law in the liquid. In Table III the first two columns 
are taken directly from the diagram and the third from Table II. The fourth 
contains the mole fraction of Fe when the remainder is figured as FeS. The 
fifth gives the value of log at the liquidus temperature. So far no assumptions 



The SYSTEM IBOW-SULFUR 

Fig. II.—^Fhase diagram of the system iron-sulphur. 


are involved but when we wish to obtain activity coefiScients at temperatures 
other than the liquidus the necessary data axe lacking. The nearest approxi¬ 
mation is the assumption that b of eqn. (15) is independent of temperature, or 
that log Vjfn varies inversely with T, In this way the last three columns are 


Metals Handbook (Amer. Soc. Metals, Cleveland, 1948). 
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filled. The data lor 1600° are shown in Fig 12 plotted against tiie square of 
the mole fraction of FeS and extrapolated to a li3q)othetical pure liquid FeS. 
It should be pointed out that the calculation docs not assume the existence 
of FeS molecules. The formula FeS is merety assigned to one of the components 
for ease of calculation. 


TABLE III 

Activity of Iron in Liquid Solutions Fe-FeS 


Tem¬ 
perature 
® c. 

1 

Sulphur 1 

log OFe 

-Vra 


log V 

re 


% , 

1 

t 

1500 

1600 

1700 

1535 

1400 

0 ' 

6-9 

— 0*035 

1*000 

0*870 

0*693 

0*000 

0*025 

1 

0*024 

0*022 

0*021 

1350 

15-0 I 

— 0*050 

0*109 

0*100 

0*094 

0*090 

1300 

22‘0 

—o*o66 

0*508 

0*228 

0*200 

0*191 

‘ 0*182 

1200 

26*4 

—0*099 

1 0-374 

0*328 

0*272 

0*258 

• 0*245 

1100 

29*1 

—0*138 

0*284 

0*409 

0*317 

0*300 

0*285 

98S 

31*0 

—0*185 

o*2i6 

0*481 

0*343 

0*324 

0*308 

Extrap. 

36-3 


0*0 


0*433 1 

0*410 

0*390 


The system iron-copper is very similar to iron-iron sulphide. Solid iron, 
however, dissolves some 5 to 10 % copper and its activity must be slightly 
lowered thereby. In the following calculations an activity of 0*95 is arbitrarily 
assigned to iron in the saturated solid solution. In Table IV the first tv^'o 
columns show the liquidus curve as read from Hansen's phase diagram. The 
third gives the activity of pure solid iron from Table II and the fourth the 
acti\dty at the liquidus obtained by adding log 0*95 to the preceding column. 
The logarithm of the activity coefficient at the liquidus temperature is shown 
in the fifth column and from this the value of h of eqn, (15) is computed to give 
the sixth column. It is noted that h undergoes considerable variation along 
the liquidus line ; it would be useful to know how much of this is due to tem- 

TABLE IV 

Activity of Iron in Liqinn Iron-Copper Solution 


Temp. 

® c. 

Copper 
mol. fr. 

log flFe 
(pure solid) 

log ay. 
(solution) 

log yp, 
at < ® c. 

b 

log yp. 
at 1,600 

logyo, 
at 1600 

152S 

0*00 

—0*000 

0*000 


(12,400) ' 

0*000 

i-o8 

1477 

0-12 

—0*015 

0*037 

0-019 

10,500 

0*013 

0*77 

1460 

0*20 

-0*020 

0*042 

0-055 

10,900 

0*048 

0*59 

1440 1 

0*40 

— 0*025 

0*047 


8,500 

0*162 

. 0*32 

1430 

0*60 , 

, —0-02S 

t 0*050 

1 

0-348 1 

7-500 

0-315 

0*10 

1390 

o*8o , 

I —0-038 

1 o*o6o 

' 0-639 1 

7,600 

0*568 

o*o6 

1320 

0*90 

! —0-059 

‘ o*o8i 

0*919 

8,300 

0-784 

0*02 

1094 

0-97 

—0-141 

0*163 

i-3<> 

9,100 

1*00 

, 0*00 

Extrap. 

1*00 


1 

1 

1 

(9,600) 1 

1*120 

0*00 


peratuze and how much to composition. For the present it is assumed that 
6 is a function of composition only and on this basis the values of log at 1,600^* 
are calculated from smoothed v^ues of h. The last column contains values of 
log ^oa obtained by integration of the Gibbs-Duhem equation which will be 
discussed in the following section. The results are shown graphically in Fig. 13. 

The System FeS-FeO ^—The system composed of the oxide and sulphide 
of iron is of interest in coimection with the activity of each of these substances 

** Hansen, JOsr Aufbau dsr Zweisiofflegiminggn (J. Springer, Berlin, 1956). 











36 


ACTIVITIES IN LIQUID METALLIC SOLUTIONS 


when dissolved in molten iron. According to Oberhofter this is a simple 
eutectic system with the eutectic at 42 % FeO and 940° c. The melting points 
of the components according to the same source and the heats of fusion according 

to Kelley*® are: FeS, 1189® 
and 5000 cal.; FeO 1388® 
and 7700 cal. These are rough 
data but from them it may be 
calculated, assuming a regular 
solution, that the value of h for 
FeS is 2900 cal. and for FeO 
is zero. If the solution is 
actually regular the value of 
h should be the same for both 
components which indeed would 
have been the result if the 
eutectic composition had been 
taken as about 44 % FeO. As 
an average value for h we may 
take 1500 cal. for both compo¬ 
nents. This means that the 
solution is nearly ideal, but 
in very dilute solutions the 
deviation is enough to be 
significant. For the activity 
coefficient of either component 
in very dilute solution in the 
other we find the following values of at 1500®, i‘53 ; at 1600®, 1*50; at 
1700®, I‘47. These will be used in a later section. 

The System Lead-SHver.—^Another example is found in the recent calcu¬ 
lations of Chou and Elliott for the system lead-silver. The phase diagram 
which has been well established 
by several closely agreeing 
researches is sho^^Ti in Fig 14. 

On the silver side the solubility 
in the solid is negligible and 
the liquidus line foUows the 
expected behaviour for an ideal 
solution up to an atom fraction 
of lead of about 0-20. The 
free energy of solid silver com¬ 
pared to that of the liquid may 
be found from the heat of 
fusion and heat capacities given 
by Kelley *« 

Ag (0 = Ag (s); 

AG® = —694 -h 5-99r log r 
— 7*5 X 10*7^*— ly-oT 
and from this the activity of 
solid silver and hence that of 
silver in the equilibrium liquid 
may be found at each tempera¬ 
ture. Following the same —^Activities of the components in the 

procedure that was used for s37stem Fe-Cu at 1600® c. 

iron-copper, the activities of 

silver and lead have been computed at 1000® and are shown in Fig. 15. This 
proves to be a case in which the solution is nearly regular and the activity 
diagram nearly symmetrical. 

** Oberhoffer, Das Tecknischs Eisen, (J. Springer, Berlin, 1925), p. 93. 

Kelley, 17 .S. Bur, Mines Bull, No. 371 (1934) s^d No. 393 {1936). 

“ Chou and Elliott, unpublished. 




Fig. 12.—^Activity coefficient of iron in Fe-FeS 
solutions at 1600® c. 
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The System Iron-Silicon containing an Intermetallic Compound.— 
When the two components form an intermetallic compound having a congruent 
melting point the activities in the liquid phase at compositions near that of the 
compound may be calculated by a method proposed by Hauffe and Wagner.*® 
This method applies the principles discussed above to tiie determination of the 
chemical potential of either component from its ettect on the melting point of 
the compound. For the difterence in chemical potential of component 2 between 
the compound of mole fraction X% and the equilibrium liquid of mole fraction 
Haufie and Wagner derived the formula 


. AH, / Hi AT 7 ' AT V 

X, ' 


(23) 


where AHf is the heat of fusion per formula weight and 0 the absolute melting 
point of the compound and AT is the melting point lowering corresponding to 
the concentration diherence 

The researches of Haughton and Becker ** have established the liquidus curve 
on both sides of the compound 
FeSi. From their data and the 
value AH//0 = 3-5 suggested by 
Haufle and Wagner, it is pos¬ 
sible with the aid of eqn. (22) to 
obtain values of Aix for silicon 
and iron in the liquid aUoys in 
the range 20 to 50 % silicon. 

These values alone are not 
sufficient to establish the activ¬ 
ities relative to the pure com¬ 
ponents. They do, however, 
determine relative activities 
within the stated composition 
range and hence a series of values 
for log Y + a constant * within 
this range. Evaluation of the 
constant is not difficult in the 
present case. 

The melting point of silicon 
is lowered from 1414® to 1207° 
in contact with a melt of 0*27 
mole fraction iron. Taking the 
heat of fusion reported by 
Kdrber and Oelsen of 11,100 
cal. per g.-atom, the activity 
coefficient of silicon in the melt 
is found to be 0-865. This 
corresponds to a value of b (eqn. 

(15)) of —5800 cal., and assuming this constant, the activity" coefficient at 1600® 
and Npo == 0*27 b^omes 0-89. This is plotted as point A in Fig. 16. 

A very short extrapolation to the point B is sufficient to establish the activity 
coefficient at a composition corresponding to the high silicon extremity of the 
range of values based upon the compound FeSi and thus to fix the value of the 
constant. This series of values is then used to extend the curve to the point C. 
Extrapolation beyond this point would involve considerable uncertainty, but 
this is unnecessary since the point D is independently determined from equi¬ 
librium data on the deoxidation of steel with silicon. This point will be 
discussed along wuth other activities based on chemical equilibrium in a later 
section. 



Fig. 14.—^Phase diagram of the system lead- 
silver. 


** Hauffe and Wagner, Z, Elebiroehem,, 1940 , 46, 160. 

®* Haughton and Becker, J. Iron Steel Inst., i 93 <^i 315. 

* The writer is indebted to J. F. Elliott for this and other calculations. 
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Activity of the Second Component in a Binary System 

The Gibbs-Dnhem Equation.—^When the activity of one component ot 
a binary solution is known over a range of compositions the variation in 
activity of the second is given by the Gibbs-Duhem equation 

d In + iV2 d In ^2 = 0 . . . (24) 

If the range of concentrations in which is known extends to = o, 
the equation may be integrated with this as one of the limits, to yield 
values a I extending to the pure component. It is generally a little more 
convenient to use activity coefficients and the following integrated form is 
readily derived from the foregoing equation: 

V. 

log = - J ^ d log y, . . . (25) 

o 

As an example of the use of this equation we shall obtain the activity 
coefficients of FeS in Fe at 1600® from the data of Table III. 

In Fig. 17 the molar ratio iVpe/iVFes is plotted as ordinate against the 

logarithm of the activity of 


iron at 1600° from Table III. 
The integration is carried out 
graphically in the steps indi¬ 
cated in the figure, with the 
results shown in Table V. 
Graphical integration suffices 
for all steps except the last 
which extends to a molar 
ratio of infinity and therefore 
cannot be evduated graphi¬ 
cally. The assumption that 
the solution is semi-regulai 
provides the basis for solving 
this step. For such a system 
the value of 6 in eqn. (15) is 
linear in Nj over a sufficient 
range and in this case may be 
represented by & = 12,800 — 
13,600 Npes, from which log 
ype =. 1*49 i '59 ^«>s. 

Substitution of this value for 
log 0^2 in eqn. {25) and its solution for the interval beyond G yields the value 
shown in the table. Similar integrations were carried out for the data at 1500® 
and 1700°. For these two temperatures the resulting values of the activity 
coefficient of FeS are shown in the last two columns of Table V. It is now 
possible to construct a complete activity-composition diagram for the 
S37Stem Fe-FeS at 1600® and this is done in Fig. 18. 

Regular Solutloiis and the Duhem Equation.—corollary of the Duhem 
equation which is especially useful m regular and semi-regular solutions is the 
equation • d log _ d log y, 

d (iVD d(jvg .... ( 26 ) 



Fig. 15.' 


-Actiyities in lead-silver solutions at 
1000®. 


*^Glasstone, Thermodymamtcs for Chamists (D. Van Nostrand, New York, 1947 
p. 568; also Ref. 2, p. 268. 

* To derive (26) differentiate (25) with respect to N* and use the relations d(N|) = 
2 = - 2N*dNi to obtain d log yjd{Nl) = d log y»dNi which simplifies 

to (26). 
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TABLE V 

Integration of Gibbs-Duhem Equation for Fe-FeS ai 1600° c. 


-Vpe/Ypes 

Step 

/TTffr 

\icaL 

log yra 

y'peS ATpeS 

tfpeS 

^FeS 


^rig. lOJ 



1 


1500“ 

H 

1 

8 

0 

0-0 



0-00 

1*00 I-o 

1-00 

i-oo 

1-00 

0-2 

AB 

0-003 

0-003 

I-OI 0-833 

0-84 

I-OI 

I-OI 

0-5 

BC 

0-025 ' 

0-028 

1*07 0-667 

0-71 1 

1-07 

I-06 

i-o 

CD 

0-057 ' 

1 0*085 

1-22 0-50 

1 o-6i 1 

1-23 

1-20 

2-0 

DE 

0-126 

j 0-211 

1-62 1 0-333 

0*54 

1-65 

1-38 

4*0 

EF 

0-178 

0-389 

2-4 I 0-200 

1 0*49 

2-5 

2*3 

6-6- 

FG 

0-TI3 

0-502 

1 3-18 0-130 

0-41 

3*5 

3-0 

ac 

G 00 

1_ 

0*34-1 

0-846 1 

7*0 0-000 1 

0-00 

8-1 

6-3 


F'rom this it evident that m any solution if one component conforms to 
eqn. (15) the other must also conform. Further m a regular solution the value 
of b is the same for both com¬ 
ponents Regular solutions are 
therefore entirely symmetiical 
wnth respect to activities of the 
tvio components. An excellent 
example of a system which 
l)ehaves in this manner is the 
tm-thallium system studied by 
Hildebrand and Sharma.®® Their 
activity curves at three tem¬ 
peratures are reproduced in 

Fig 19. 

In semi-regulax solutions the 
\ alue of b may be constant only 
under limiting conditions of the 
\ery dilute solution Using a 
simplified form of (15) in which 
P = 6/2-303 Rl\ we may write 
for the actiAity coefficient of 
each component in dilute solu¬ 
tion 

log = pi IVj and 
logy, = . {27) 

The shapes of the log y against 
curves for a semi-regular 
solution in which pi>pa are shown schematically in Fig. 20. The slopes ol 
the two curves are prescribed throughout by eqn. (26), which provides also a 
simplified solution of the Duhem equation within the linear portion of either 
curve. A slightly moie complex case in w^hich p is expressed as a function of 
-Y has already been illustrated for the case of FeS in Fe. 

Activity from Distribution Equilibrium 

When a solute is distributed between two immiscible solvents the state 
of equilibrium at constant temperature is characterised by a constant ratio 
of its activity in one phase to that in the other- If ite activity in eadi 
phase is referred to the same state of the pure solute, then the ratio becomes 
unity and the activity of the solute is the same in both phases. When the 
activity in one phase is known that in the other phase is established, and 
the activity coefficient is obtainable from the distribution ratio. 



Fig. 16.—Activity coefiScient of silicon in Fe-Si 
alloj's at 1600® c. 
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The System Silver-Aluminium.—Chou and Elliott have employed this 
principle to determine the activity of silver in molten silver-aluminium alloys. 
The distribution of silver between the nearly immiscible liquids aluminium 

and lead was studied by Lorenz 
and Erbe at temperatures of 
750® and 1000® c. The activity 
of silver in the lead layer is 
known from Fig. 15 hence that 
in the contiguous aluminium 
layer is also Imown. The activ¬ 
ity of silver computed in this 
manner is shown in Fig 21 
That of aluminium in the same 
alloys, found by integration of 
the Gibbs-Duhem eqn. (25) is 
also shown. 

Aluminium in Liquid Iron. 

—The distribution of alumin¬ 
ium between molten iron and 
silver at 1600® was studied by 
the writer who found a con¬ 
stant distribution ratio at con¬ 
centrations up to a mole fraction 
of about o«i8 in the iron layer. 
The ratio of the mole fractions 
Nj^ (in Ag)/Nju (in Fe) was 
Fig. 17.—^Integration of the Gibbs-Duhem equa- 0*68 and hence the ratio (in 

tion for FeS in Fe at 1600®. Fe) / ^41 (in Ag) = o*68. The 

activity coefficient of aluminium 
in dilute solution in silver is temperature-dependent and Chou and Elliott 
found that log y was inversely proportional to the absolute temperature 
Assuming this proportionality to continue the value of (in Ag) at 1600® 
is 0-037. Accordingly yh (in Fe) is 0*025. 

Sulphur in Liquid Iron.— 

Bardenheuer and Geller deter¬ 
mined the distribution ratio for 
sulphur between liquid iron 
and slags of approximately the 
composition FeO. They sum¬ 
marised their results in the 
expressions : 

L ==: %S (slag)/%S (metal); 
log L 2390/r ~ 0-714. 

This equation, which is in ex¬ 
cellent agreement with similar 
results of Fetters and Chipman,** 
may be used along with other 
data to find the activity coeffi¬ 
cient of iron sulphide in dilute 
solutions in liquid iron. Values 
of L at three temperatures are 
given in Table VI. The corre¬ 
sponding ratio of mole fractions 
of FeS in the two layers is also 
shown. It will be remembered [Rg. 18.—Activities in the system Fe-FeS at 
that the activity of FeS in dilute 1600® c. y® = 7*0. 

I-orenz and Erbe, Z. anorg. Chem., X929, 183, 311. 

•■Chipman. Trans. Amer. Soc. Met., 1934, S85, 

Bardenheuer and Geller, Mitt, Kaiser Wilhelm Inst, Eisenforsch., 1934,16, 77. 

»• Fetters and Chipman, Trans, Amer, Inst* Min, Met. Eng., 1941, *45, 95. 
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Fig 19 —Activities in the system tm-thallium at three 
temperatures 
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solutions in FeO has been obtained from the phase diagram in an earlier 
section. These values are repeated in the table. The product of yJes FeO) 
and the molar distribution ratio yields ySes (in Fe). The corresponding values 
obtained from the iron-sulphur phase diagram are recorded in file last line of 
Table VI and it will be noted that the agreement is excellent. 

TABLE VI 

AcnviTY Coefficient of FeS in Fe (Dilute Solution^ 

Temperature, ® c. .. .. .. 1500 .. 1600 .. 1700 

I.= (%S)/[%S 3 . 4*30 .. 3-64 .. 3*15 

(slag)/iS^Fes (metal) .. .. 5*53 .. 4-69 .. 4*05 

ygee (in FeO). 1*53 ., 1-50 .. 1-47 

y|e8 (in Fe) .. .. .. .. 8-5 .. 7*0 ., 6*0 

y|es (in Fe) (from phase diagram) .. 8-i .. 7*0 .. 6*3 


Ferrous Oxide in Slags.—^The same principle has been utilised to determine 
the activity of FeO in slags of the types used in steehnaking.®* The solubility 

of FeO, of as high purity as can 
be made, in liquid iron at 1600® 
is equiv^ent to 0-23 % oxygen 
in the metal. This is taken as 
the standard reference state and 
assigned unit activity. The 
activity of FeO in another slag 
is established by the concentra¬ 
tion of oxygen which it is 
capable of imparting to the 
metal, at the same temperature, 
divided by 0*23. The activity 
of FeO in slags consisting of 
FeO, SiO,, Cq .0 and is 

shoivn in Fig. 22 which is re¬ 
produced from the work of 
Taylor and Chipman.*® Any 
further discussion of activities 
in slags would carry us too far 
from the subject of this paper. 
The data for ferrous oxide are 
cited as one example of a method 
which has great potential use¬ 
fulness in process metallurgy. 

Activity from Chemical Equilibrium 

Carbon in Liquid Iron.—^In any chemical equilibrium in which the 
activity of every participant but one is independently known, a series of 
equilibrium determinations over a range of concentrations serves to fix the 
activity of that component. Thus the activity of carbon in austenite as 
well as in molten iron-caxbon alloys has been established through studies of 
the reaction: 

C (in Fe) + CO2 == 2 CO; K = plo / (j^co,. 

In his very careful study of this equilibrium in austenite, Smith has 
arrived at accurate values for the activity of carbon at 800® and 1000° c. 
He plotted the function log {plo Ipco^ • ^i/wg) against and obtained 
a stedght line relationship up to an atom ratio of carbon to iron, njtii of 0*07. 

*• Taylor and Ch^man, Trans. Amer. Jnst. Min. Met. Eng., 1943,154, 228. 

Smith, J. Amer. Ghent. Soc., 1946, 68,1163. 



PiQ, —^Activities in the system silver-alu- 

iTiininm at lOOO®. 
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The available data on the same reaction in liquid iron may be treated 
ui the same manner as shown in Fig. 23 which is based on the data of Marshall 
and Chipman “ at 1540° c. Here the data obtained at a total pressure 




of 10 atm. appear to form the most dependable series and these are fitted 
by a line of slight curvature which extends upward to a point correspond^ 
to saturation of the iron with graphite. The gas composition for this point 
is taken from the free ene^ compilation of Wagmdn, Rossini and thar 


M MaishaU and Chipman, Trans. Amer Soe. Met, 1942, 30, 695. 
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collaborators.'*® The activity of carbon in the melt is proportional to 
ploipcot and the proportionality factor may be determined on either of 

two scales of measurement. 
The results on both scales 
are shown in Table VII. 
If the standard state for 
carbon be taken as pure 
graphite the resultant vdues 
of the activity are shown in 
the fourth column. A more 
convenient measure is given 
in the fifth column in which 
the activity of carbon is 
taken as equal to its percen¬ 
tage in a solution of infinite 
dilution. Values for the acti¬ 
vity coefi&cient fc = acl%C 
are contained in the sixth 
column while the seventh 
gives the activity of iron 
calculated from the pre¬ 
ceding columns through 
integration of the Gibbs- 
Duhem equation. It should be noted that while values in the fourth 
column apply only at 1540®, those of the last three columns are probably 
not very sensitive to changes in temperature. 

TABLE VII 

Activity of Carbon in Molten Iron at 1540® 



IMaurer; circles, recalculated on basis of activi¬ 
ties. 


Concentration Activity of C 


%C 

rolHr, 

P<iOt 

graphite 
= I 

, <10=%C 

1 at low C 

flc/% c 

MJPe 

0*000 

0*000 




1*00 

1*00 

0*2I6 

0*01 

93 

o*oo6i 

0*2I6 

1*00 


0*425 

0*02 

I9I 

0*0125 

0*443 

1*04 


0*64 

0*03 

292 

0*0191 

0*68 

I *06 


0-85 

0*04 

400 

0*0261 

0*93 

1*10 

0*96 

I *06 

0*05 

525 

0*0343 

1*23 

i*i6 


1*28 

o*o6 

670 

0*0438 

1*57 

1*23 1 

0*93 

1*68 

o*oS j 

1,030 

0*0673 

2*40 

1-43 

o-gi 

2*10 

0*10 

1,510 

0*0988 

3-53 

1*68 

0*88 

2*50 

0*12 

2.130 

0*139 

4'97 

1*98 

0*85 

2*92 

0*14 

2,930 

0*191 

6*84 

2*34 

o*8i 

4*12 

0*20 

7,200 

, 0*470 

1 i6*8 

4*o8 

0*70 

5*20 

0*26 

15.300 

1*00 


6*88 

_ __ 1 

0*59 


Oxygen in Molten Iron.—The equilibria of oxygen in molten iron with the 
gas mixtures HjO—H* and COj—CO have been studied by several investi¬ 
gators.« In each case the ratio Psto I iPst • %0), or pcojpco*%0) has 
been found to be constant at constant temperature up to the limit of solubility 
in the melt. This is sufficient evidence to enable us to write = % O at all 
concentrations up to saturation in simple iron-oxygen alloys. The efiect of a 
third component will be mentioned later. 


«Wagman, Kilpatrick, Taylor, Pitzer and Rossini, Nai. Bur, Stand, J, Res,, 1945, 
34 * ^ 43 * 

*» Fontana and Chipman, Trans, Amer, Sac, Met,, 1936, 04, 313, 
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Sulphur in Molten Iron.—^The equilibrium of sulphur in liquid iron with 
gaseous mixtures of hydrogen and hydrogen sulphide was studied by Chipman 
and JLi ** and by White and SkeUy.'*® In these researches it was found that the 
ratio • % S) was constant up to i-2 % sulphur or higher. 

The work of Maurer, Hammer and Mobius covered a much wider range, 
extending to 36-5 %, the theoretical composition of FeS. These investigators 
confirmed the proportionality of activity to composition at low concentrations 
but reported large deviations from ideal behaviour in concentrated solutions. 

We have already derived values for the activities of FeS and Fe from the 
phase diagram and have shown that these are in agreement with calculations 
based on distribution. It may also be shown that •&ey are in agreement with 
the results of Maurer, Hammer and Mobius. In Fig. 24, cur\'e A is a repro- 
duction of their plot for log K at 1475° c., where K = (Pk^IPs^ 

Using our new values for the activity coefficients at 1,500°, values of lie thermo¬ 
dynamic equilibrium constant are found by multiplying Maurer’s K by 
Values so obtained are also shown in the figure, from which it is evident that 
the results over the range 0-35 % S are adequately represented by a single value 
of log K = --0-70. 



Silicon in Liquid Iron.—In his study of the deoxidation of liquid steel with 
silicon, Kdrber found that the equilibrium constant of the reaction at 1600° c. 
could be expressed as follows; 

(а) SiO* = Si (in Fe) + (in Fc) ; K = % Si . % =* 3*6 x 

= + 38,100 cal 

The free energy of formation of SiOj from its elements at 1600° is calculable 
from its heat of formation and the known entropies and heat capacities of each 
substance concerned, on the basis of the third law of thermodynamics. The 
result is: 

(б) Si (liquid) + O* (gas) = SiO® (solid); AGiWa = —126,300 cal. 


Chipman and Li. Trans, Amer, Soc, Met., I 937 , *5* 435 * 

** White and Skelly, J, Iron Steel Inst,, 1947, 155, 201. 

** Maurer, Hammer and MObius, Arch, Eisenkattenw., 1942, x6. 159. 
KOrber. Stahl Risen, 1934, 54. 535* 
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From equilibrium studies of the reactions of oxidising gases with liquid iron, 
the writer has found the following value for the solution of oxygen in liquid 
iron: 

(c) Og (gas) = 2O (in Fe) ; AG1873 = cal. 

Proper combination of the values given in {a), (&) and (c) yields : 

(d) Si (liquid) = Si (in Fe) ; AC^ists = —29,700 cal. 

This result represents the free energy of solution of silicon at unit activity on a 
scale in which the activity is equal to percentage at infinite dilution. To convert 
this to activity on a mole fraction scale in which the activity of pure liquid 
silicon is unity requires the application of eqn. (16) which gives: 

/V o 1 soln.) 

(e) -29,700 = 4-575 X 1873 log — 

from which the ratio of the 
activities of silicon on the two 
scales of measurement is 0*00034. 
The mole fraction of silicon in 
dilute solutions is 0*0199 times 
its weight-% hence the stan¬ 
dard state corresponds to a 
mole fraction of 0*0199 and the 
activity referred to pure silicon 
is 0*00034, from which the acti¬ 
vity coefficient is 0*017. This 
is the quantity which we have 
called y® and whose logarithm 
is plotted at point D in Fig. 16 
to complete the activity curv-e 
of silicon in iron. 

The activity and activity 
coefficient in dilute solutions 
have been calculated from the 
cur\"e of Fig. 16 and are shown 
in Fig, 25 on a weight-% basis. 
Here the activity coefficient 
is defined as /a = agi / % Si. 
Its value is unity at infinite 
dilution and is found to be 
a linear function of concentra¬ 
tion up to about 14 %. 

Activities in Three-component Solutions 

Up to this point nothing has been said about activities in metallic solutions 
of three or more components. Useful generalisations regarding such systems 
are not plentiful and the amount of experimental data is meagre. We 
diall examine a number of ternary solutions in which iron is the major 
constituent and focus our attention upon the effect of one minor component 
upon the activity of a second. 

Effect of Additions on the Activity of Silicon in Liquid Iron. —^Korber 
studied the influence of additions on the reactions between molten alloys con¬ 
sisting principally of iron and manganese with silicate slags saturated with solid 
silica. The principal reaction is : 

SiOa (soHd) -i- 2Mn (in Fe) = Si (in Fe) -f 2MnO (in satd. slag). 

Equilibrium was studied at several manganese levels up to 10%. Previous 
work had shown that the activity of silicon was not affected by manganese 
within this range and Kdrber^s results indicated further that the activity of 

Basic Open Hearth Sieelmaking (Amer. Inst. Min. Met. Eng., New York, 1944)- 
iOSrber, Siakl Eisen, 1937, 57, 1349. 



Fig. 26.—^Effect of additions on the activity co¬ 
efficient of silicon in liquid iron. 
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manganese was essentially unaffected by the addition agents. The activity of 
manganese may be taiken as equal to its weight-%, since it forms a nearly ideal 
solution in liquid iron. The activity of silica is Axed by the presence of solid 



SiOi and that of MnO in the slag is approximately constant. Therefore at any 
given concentration of manganese in the metal the activity of silicon is constant. 
Any variation in the percentage of silicon at equilibrium is due to the eftect 
of the added element upon 
its activity coefficient. 

The activity coefficient of 
silicon, /, in each of 
K 5 rber*s melts has been 
computed. The value of 
/ at any given silicon con¬ 
centration in pure iron 
silicon alloys is designated 
f. Kdrber’s data are sum¬ 
marised in Fig. 26 in which 
the logarithm of ///' is plot¬ 
ted against the weight-% 
of added element. From 
these curves and values of 
f for silicon from Fig. 25 
the activity of silicon may 
be computed for any ter¬ 
nary alloy within the 
composition range covered. 

Effect of Silicon on 
the Activity of Carbon 
in Liquid Iron.—Silicon 
decreases the solubility of 
graphite in liquid iron and 
therefore increases the activity coefficient of carbon. The solubility of 
graphite in iron-silicon alloys at three tempexatuxes determined by Small 
and Wilson is shown in Fig, 27. Since the activity of carbon is fixed 

Small and Wilson, 5 . B. Thesis (BiCass. Inst, Tech.» Z942)« 
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by the presence of graphite, the decreased solubility is credited to an increase 
in activity coefficient of carbon in the presence of silicon. At 1490® the 
solubility in pure iron is 5*13 % C and fie value of /q from Table VII is 6*6. 

Hence, the activity of C in 
the entire series at this 
temperature is 33*8. At 
2 % Si the solubihty is only 
4*40 % C and the value of/c 
is therefore 33*8/4-40=7*68. 
At the same carbon con¬ 
tent in pure Fe-C alloys 
the activity coefficient, 
designated here /o, is 47. 
The logarithm of the ratio 
fo I fa is plotted against 
concentration of silicon in 
Fig. 28, in which it is seen 
that the relationship is 
linear. On the basis of the 
simple assumption that 
the same ratio is valid for 
unsaturated alloys, the 
activity of carbon may be 
had at any composition in 
the ternary liquid solution 
up to 14 % silicon. 

The results of this calcu¬ 
lation are shown in Fig 29 
together with the activities 
of silicon in the same solu¬ 
tions. The data are for a 
temperature of 1490® and 
the activity of carbon. 
Fig. 29.~-Activities of carbon and silicon in Fe-C-Si which is showm on a scale 

of unit activity for gra¬ 
phite, must be restricted 

to this temperature. The silicon activities being based upon infinite dilution 
wiU not vary greatly with temperature; the carbon activities may be referred 
to infinite dilution by multiplying by 33*8. 

Conclusion 

Such a rambling discussion cannot well be summarised without tosome 
repetition. Suffice it to say in summary that the concept of activity and 
the thermodynamic equations involvi^ it have been reviewed. The weU- 
known methods for determining activities have been illustrated by data on 
liquid metallic solutions. The concept of semi-regular solutions has been 
introduced and its usefulness for metals demonstrated. Several useful 
empirical methods of treatment of activity data have been employed. 

It should be pointed out that this paper is in no sense a complete review 
of the literature on the subject. An extensive bibliography as well as a 
detailed discussion of the thermodynamics of solid and liquid metalhc 
solutions by Wagner is included in Masing’s Handhich der Metallphysik, 
Other very useM reviews and discussions are those of Sauerwald “ and of 
Kubaschewski,®® It has not been possible here to refer to all of the important 
papers in the field and many interesting researches such as those on very 
dilute amalgams have been omitted from consideration. No attempt has 

Wagner, Vol. I, Part III, in Masing's Handhuch dev Metallphysik (Leipzig, i94<^n 
S auerwald, Z, Metallkunds, 1943, 35, 1905. 

“ Kubaschewski, Z, EUkttochem,, 1942, 559, 646. 
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been made to treat the thennod5mamics of solid solutions in which ordering 
plays so prominent a part. Nor has adequate consideration been given to 
the effects of differences in internal pressure, atomic volume, interatomic 
potentials and the like, which may in the future provide a useful approach 
to the thermodynamics of alloys. 

It is hoped that this paper may serve at least as an introduction to the 
literature on metallic solutions and as a stimulus to the wider use of the 
activity concept in metallurgical problems. 

This work was supported in part by the Office of Naval Research imder 
Contract No. N5ori-78, Task Order XVI. 

Massachusetts Institute of Technology, 

Department of Metallurgy, 

Cambridge 39, Massachusetts. 


THE ACTIVITY OF SULPHUR IN LIQUID IRON: 

THE INFLUENCE OF CARBON 

By J. a. Kitchener, J. 0 *M. Bockris and A. Liberman 
Received 6 th July, 1948 

The chief factor which determines the sulphur content of a finished steel 
is well known to be the ratio in which the sulphur is partitioned between the 
molten metal and the overlying slag with wMch it is in contact during the 
refining process. It is clearly desirable to have a detailed knowledge of this 
partition, with a view ultimately to substituting scientific control for the 
empirical methods of traditional practice. The need for improved measures 
for controlling sulphur is indicated by the demand for lower sulphur 
contents in special steels, the need for fuel economy and consequently 
minimum slag volume, and the simultaneous increase in the sulphur 
content of some of the raw materials which must now often be used. 

The qualitative factors which influence desulphurisation have frequently 
been discussed,^ but little accurate quantitative information is available. 
Essentially, the problem can be resolved into a study of the chemical 
potential (or thermodynamic activity) of sulphur in the metal and slag (and 
also in the furnace gases, since sulphur pick-up may occur during melting 
down of scrap iron). The present paper is concerned with the thermod5mamic 
treatment of experimenM results on the interaction of sulphur with iron. 

The Activity of Sulphur in Pure Liquid Iron. 

The partial pressure (;^s,) of sulphur over its solution in liquid iron is too 
smqll to be measured directly, but it has been determined indirectly by 
several authors by using the reaction 

Hate) + iSate) = HaSte) 

to produce the necessary sulphur. The equilibrium constant of this reaction 
is known at high temperatures from spectroscopic and other data.® 

The reaction between KgS and liquid Fe is formally similar to that 

‘ (tf) e.g., -Basic 0 pm Hearth Steelmahing (Physical Chemistry of Steelmakmg 
Committee, 1944). ip) Carter, This Discussion. 

* Kelley, C/.S. Bwr. Mines, BuU., 1937, No. 406. 
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previously studied at lower temperatures by several authors for the solid 
state, the equation for which is 

FeS (soUd) + Hjs = Fe (sohd) + H^S. 

When both Fe and FeS are crystalline solids their activities and «Fes) are 
constant and are conventionally taken as unity so that the equihbrium 
constant for this reaction is given by 

K = 

At temperatures above the melting pomt of iron a single liquid is present in 
place of the two crystalline phases, i.e., Fe + FeS, so that the ratio is 

shifted. The iron-sulphur sj^tem in the molten state probably consists of 
Fe+"*“ and S— ions and their ion complexes together with electrons and thus 
ideally the reaction should be written 

Fe++ + S“ + Ha = (Fe-^+ + 2e)«etai + H^S. 

At high sulphide concentrations there are some difficulties in formulating the 
equilibrium constant according to this equation, and from a formal and 
thermodynamic viewpoint, the constitution of the melt does not play an 
essential part in the treatment. 

The equation may hence be formally written : 

Iron sulphide (in solution in Fe) -1- = Fe (in solution) + HaS, for which 

rr — 

where a* denotes the activity of the sulphide component in the melt and 
which may be considered as the resultant activity of iron and sulphide ions. 
Following the usual convention, the standard state for iron can be pure 
liquid iron at the same temperature and for the ** sulphide ** component a 
(i: i) iron-sulphur liquid mixture at the same temperature. With these 
conventions, the last constant K remains comparable with that previously 
used for the reaction involving solids. 

The implicit assumption is made in the equilibrium studies that the presence 
of hydrogen in the iron does not influence the activity of sulphur appreciably : 
this seems justifiable as the solubility is low (0-003 %) and the hydrogen atom 
is too small to cause large disturbance of the structure of the liquid metal. 
Hence, by combining the above equilibria, the partial pressure of sulphur 
over the melts is obtained. 

Chipman and Ta Li ® made measurements of the above equilibrium between 
1535 and 1600® c, and for sulphur contents up to 1*27 %. Their results 
indicated that at equilibrium the amount of sulphur in the iron was directly 
proportional (within experimental error) to pH^lpH^ in the gas phase up to 
at least i*2 %. When this result is taken in conjunction with the above 
equilibria it follows that the sulphur content of the metal is proportional to 
the square root of the vapour pressure of sulphur (considered as S 2, its stable 
form at these temperatures). Thus, Sievert's law holds for sulphur in iron 
as it does for hydrogen, oxygen, and nitrogen. Since Henry’s law is usually 
the rule applicable at extreme dilution, cases of Sievert’s law are generally 
explained by postulating that the diatomic gas in its molecular form (S J 
does not disk>lve as such in the metal, but that it dissociates and is in equili¬ 
brium with a certain partial pressure of mon-atomic material (S) which 
is soluble and obeys Henry’s law. 

However, it is apparent from the large departures from ideality shown by 


» Chipman and Ta Li, Treats. Amer, Soc. Met., 1937, as, 435. 



J. A. KITCHENER, J. O'M. BOCKRIS AND A. LIBERMAN 51 

the freezing points of mixtures of FeS and Fe ^ ^ that Henry’s law can hold 
only for very dilute solutions. Although the liquids axe completely miscible, 
the liquidus shows a point of inflexion at about 15 % sulphur and, according 
to Darken and Larsen,® the positive deviations from ideality are so great that 
the system cannot be far from immiscibility. If this view is correct, the 
ratio cannot remain proportional to the sulphide content for more 

than a very short range for the following reasons. The solute in a non-ideal 
solution approximates to Henry’s law in very dilute solutions, but the 
activity coefficient must eventually fall, approaching unity as the composition 
approaches the pure component, for which Raoult's law is the applicable rule. 
Tlie ratio pH^lpUt can be regarded as a measure of a' for dilute solutions 
since 

pHS K 

and both K and ^pe arc constant under these conditions. Consequently, 
if the sulphide shows large positive deviations from ideality, the value of 
pB^lpHt may be expected to increase less rapidly at higher sulphur contents 
than predicted by Henry’s 
law. 

This is found to be the 
case. ^Vhite and Skelly ’ 
have recently studied the 
equilibrium between Fe and 
HgS by a slightly modified 
technique. Their results are 
in good agreement with those 
of Chipman and Ta Li, but 
extend up to 3*5 % sulphur. 

White and Skelly did less 
than justice to their own 
work by presenting the 
results as a table of values 
of if, which they implied 
should remain constant, 
although no account was 
taken of the variation of 
activity coefficient with 
concentration. If their data 
(recalculated) are plotted 
as pBsIPut against the per¬ 
centage of sulphur in the 
metal, it is apparent that 
they lie on a pronounced 
curve, the effective activity 
coefficient decreasing with 
increasing sulphur content 
(Fig. I). 

The only other reliable measurements of this equilibrium for the liquid 
state are those of Maurer, Hammer and Mobius ® which are chiefly concerned 

♦MiyazaM, Sci. Rep. Tokoku Imp. Univ,, 1928, 17, 877. 

* Loebe and Becker, Z. anorg. Chem., 1912, 77, 301. 

• Darken and Larsen, Trans. Atner. Inst. Min. Met. Eng., 1942, 150, 87. 

• White and Skelly, J. Iron Steel Inst., 1947, 255, 201. 

* Maurer, Hammer and Mobius, Areh. EisenhtUtenw.^ 1942, 26, 159. 



Fig I.—Summary of results of various authors for 
the equilibrium between H^-HgS mixtures 
and hquid iron. 
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with high sulphur contents approaching the composition — = i. These 

workers obtained a number of results for melts with less than 2 % sulphur, 
but the values are too scattered to give any information on the present 
subject. Their high-sulphur results for 1475° c. are shown in the inset to 
Fig. I and the effect of decreasing activity coefficient is marked between o 
and 15 % S. The sulphur activity rises, however, very steeply beyond 25 % S. 

The general form ot this graph may be explained as the result of a decreasing 
activity coefficient of sulphide together with the normal influence of mass 
action, the ratio depending on both and of. For a wide con¬ 

centration range a rising sulphur activity is necessarily accompanied by a 
falling iron activity, and both of these factors influence the partial pressure 
of sulphur vapour over the solution. An approximate interpretation of the 
form of the graph can be made in the following way. 

Darken and Larsen made 
a rough estimate of the 
" activity coefficient of 
sulphide in dilute solution in 
iron. They arrived at a 
value of 4*5 by three inde¬ 
pendent arguments based 
on (a) the data of Barden- 
heuer and Geller ® for the 
partition of sulphur between 
iron and FeO — FeS slags, 
(6) the work of Korber on 
the partition of sulphur be¬ 
tween iron and FeS — MnS 
slags, and (c) the discrepancy 
noted by Chipman and Ta 
Li between their own results 
for sulphur in liquid iron 
and the value which they 
extrapolated from the 
measurements of Britzke 
and Kapustinsky ^ for solid 
FeS. The excellent agree¬ 
ment found between these 
three calculations was ad¬ 
mittedly fortuitous in view 
Fig. 2.—^Typical positive deviations from Raoult’s of the assumptions involved 

and the limitations of the 
original experiments, but 
the true value of the activity coefficient in dilute solution in iron may 
probably be in the region of 4. 

The general form of the relation between partial pressure and composition 
in a two-component system showing positive deviations is well known but 
the exact course of the activity-mol fraction line may vary from one system 
to another, and although expressions have been proposed to represent such 
curves they are not universally applicable. Thus the value of the activity 

* Bardenheuer and Geller, MUt. Kaiser Wilhelm Inst. EisenJorscH., 1934, 77 * 

Kdrber, Stahl Eisen, 1936, 56, 433. 

^ Britzke and Kapustiiiiky, Z. anorg. Chem,, 1930, 194, 323, 
cf., Hildebrand, Solubility of ^Ton-eletarolytes, 2nd Edn. (1936)* 

Porter, Trans, Faraday Soc,, 1921, i6, 336. 
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coefficient of a solute at infinite dilution alone is not sufficient to enable the rest 
of the curve to be predicted accurately. However, it can be expected to take 
a form similar to one of the lines shown diagrammatically in Fig. 2, which are 
for a series of systems showing increasing positive deviations leading up to 
immiscibility. From the above-mentioned calculation of Darken and 
Larsen,® it follows that the activity curve of sulphide in iron must depend 
on composition in a way similar to line C, i.e., the initial value of the acth-ity 
coefficitni being here about 4*5. As this t5q>e of behaviour is known to occur 
in metal-metal systems, e.g., amalgams,^^ there seems no reason why the 
de^dations from ideality m the present system should not be of the same 
type. WTien one component in a two-component system shows positive 
deviations, the other usually behaves in a very similar fashion* ; a! and aj^e 
may, therefore, be expected to change in roughly the same way with mol 
fraction. On this basis it is possible to calculate approximately the general 
shape of the ^Hjs/^h, — % S curve using the values of activities on curve C 
at the same mol fractions. 

The values calculated in this way are shown as the broken line in Fig. i 
(inset), the value of K being taken as 0-02 for an equimolar mixture of Ft 
and FeS.® It is seen that the general form of the results of Maurer, Hammer 
and Mobius is satisfactorily accounted for by this treatment. More precise 
analj’sis cannot be made until more accurate measurements become available. 

The Influence of Carbon. 

In practice desulphurisation of iron is carried out with metal containing 
various other elements, notably carbon, manganese and silicon in addition 
to iron. It is, therefore, necessary to know how these other components 
influence the acthdty of the sulphur. For example, it is recognised that 
" sulphur is best eliminated when the oxygen content of the bath and slag 
is low, so that control to remove sulphur should be started at an early stage 
when the carbon is high." 

The general eftect of a third component which is immiscible with either 
iron or iron sulphide would be to enhance still further the tendency to 
immiscibility by increasing the positive de\dations from Raoult’s law and 
thus forcing the system to approach, for example, curve D and eventually E 
in Fig. 2, Wher^ the Fe-FeS and Fe-FegC pairs are completely miscible, 
according to Hanemann and Schfldkotter and to Vogel and Ritzau^^ 
respectively, there is a miscibility gap in the FejO-FeS S57stem. Consequently, 
the presence of carbon in the Fe-S system may be expected to increase a\ 

Evidence in support of this conclusion has been advanced by Darken and 
Larsen based on unpublished measurements of Guny in which the satura¬ 
tion solubility of iron sulphide in Fe saturated with carbon was found to be 
% S at 1500® c. More recently a detailed investigation of the conjugate 
solutions in the Fe-FeS system saturated with graphite has been carried out 
by Norro and Lundquist who find that at 1550® c. the metal layer contains 
about 3 % sulphur and rather more than 4-5 % carbon,f while the sulphide 
layer contains about 26*5 % sulphur and 0*5 % carbon. Darken and Larsen 
considered the sulphide layer to be practically equivalent to pure FeS, 

Eastman and Hildebrand, J. Amer. Chem. Soc,, 1914, 36, 2020. 

See ref. i (a), p. 186. 

Hanemann and Schildkbtter, Arch. Eisenhuttenw., 1929, 3, 427. 

Vogel and Ritzau, Arch. EismhiUtenw., 1931, 4 549. 

Darken and Larsen, loc. ctL, and Darken, private communication. 

Norro and Lundquist, Jemkontorets Ann., 194b* X30 (3), 118. 

* The two are, of course, related by the Gibbs-Duhem equation. 

t Estiniated, not espt., value. 



54 SULPHUR IN LIQUID IRON * INFLUENCE OF CARBON 


whereas Norro and Lundquist formulated it as 75*5 % FeS, 7*5 % Fe3C and 
17*0 % Fe. The molecular constitution of liquids containing Fe, S, and C 
is as yet uncertain, apart from the fact that it is extremely improbable that 
it consists of definite compounds, so that it is not possible to calculate the 
mol fraction of “ FeS unambiguously, but an equivalent value of 07 moL 
is probably a more accurate estimate than i mol. 

It can be seen from Fig. 2 that the activity coefficient of a component in 
a mixture showing immiscibility remains practically constant up to the 
first conjugate solution if the gap is wide. Therefore, since 3 % sulphur 
corresponds to a mol fraction of sulphide of 0-054, activity coefficient 
must be given by o-7/o*o54 = 13. This is to be compared with the actmty 
coefficient in pure iron which is about 4*3 (see above). Hence, the presence 
of about 5 % carbon has increased the activity of sulphur about three times^ 

Another rough estimate of the effect of carbon can be made from some 
results of Meyer and Schulte on the two-phase equilibria in the 
Fe-FeS-*MnS system. They carried out some experiments at 1600® c. with 
added carbon (in addition to more numerous measurements in the absence 
of carbon). The mean of eight concordant results with carbon shows that a 
metal layer containing 6-24 % Mn, 2-55 % C and 0-15 % S is in equilibrium 
with a slag containing 4-0 % Fe, 34 % Mn and 30*4 % S. A t5rpical example 
from the carbon-free series which is fairly closely comparable is one (No. 77 
in Table 2 of the above quoted work) in which the dag was 4-1 % Fe, 54-3 % 
Mn and 29*4 % S. This was in equilibrium with met^ containing 4*13 % Mn 
and 0-513 % S. The slags were therefore almost identical whereas 0-15 % S 
was present in the metal containing carbon to 0-513 % in the absence of 
carbon. Thus the activity of the sulphur has been increased by a factor of 
3*4 times. 

By comparison with other of the carbon-free melts analysed by Meyer 
and Schulte (in which, however, the slags were slightly different) a factor 
of about two is indicated. Making allowance for the fact that the carbon 
content of the melts referred to above was found to be 2-55 %, it appears 
that these results are in reasonable agreement with the estimate of three 
times already arrived at for the influence of saturation with graphite on the 
sulphur activity. However, all these estimates must be treated with reserve, 
since the measurements and assumptions involved are open to criticism. 

In view of the importance to technology of obtaining more reliable 
information on this problem by direct means, it was decided to carry out 
measurements of the sulphur uptake of iron at equilibrium with HjS-Hg 
gas mixtures in the presence of graphite. It would be possible, in principle, 
to use the equilibrium, C-1-S2 = CS2, as a means of procuring a known 
sulphur activity for this deteimination, but such a method is not practicable 
since the requisite partial pressure of CSg (for example, in an inert carrier 
gas) would be so low that enormous volumes of gas would be needed to 
transport the quantities of sulphur involved. 

The HgS-Hg mixture can be used in this determination in the same way 
as for pure iron because the loss of sulphur by formation of CSg and of 
hydregen as CH* occur to relatively small extents and corrections can be 
applied if necessary to obtain the true partial pressure of sulphur vapour 
in the G-Hj^Ha equilibrium mixture. The partial pressures (in atm.) in 
this mixture at 1550® c. would be roughly = 1, H2S=4X lo*^, 
eSa = 9 X I0“* CH4 = 5 X 10”* and Sa = i*6 X 10“®. If allowance is 
made for the fact that the [HjS] is reduced by the formation of CSg (using 
extrapolated equation for the free energies of these compounds taken from 


*» Meyer and Schulte, Arch, Bisenhutietm,, 1934, 1 ^ 7 - 
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Kelley the final pressure of S 2 is reduced by about 9 % below the above 
value. Consequently, in comparing activities of FeS in Fe ^vith and without 
carbon this allowance should strictly be made. Results of the present work 
will be reported directly in the HgS/Hg ratios employed. 

Experimental 

The method used was similar in principle to that of previous workers, i.e., a 
known HgS—H2 mixture was passed over liquid iron until equilibrium was reached, 
when the metal was quenched and analysed for sulphur. Single droplets of iron 
were employed as tiiey facilitated attainment of equilibrium and the eventual 
analysis (segregation difficulties being obviated by analysing the whole bead)^ 
The danger of contamination of the sample by volatile silicon compounds (SiO 
or SiS) derived from the furnace tube was first clearly noted in the work of Wliite 
and Skelly,** The samples of these workers contained as much as 2 % Si 
derived from the source. Preliminary experiments confirmed White a pd Skelly's 



observations in this respect and also brought to light the very large error which 
may be incurred by assuming that, if a known Ha mixture is passed slowly 
into a wide furnace tube, the gas at the centre of the tube has the same composition 
as the gas entering. It was, in fact, much lower in sulphur content, partly due 
to thermal diffusion,** but more to reaction with the muUite furnace tube which 
was generally rendered useless after about a week^s use. Pure reci^stallised 
alumina was also found to take up sulphur to a large extent, although it was not 
badly damaged thereby. The fact that large amounts of aluminium could later 
be dissolved out of it by cold dilute HCl suggests that some aluminium sulphide 
is formed. 

The final method developed was successful in eliminating both siliceous con- 
tamizmtion and errors due to thermal diffusion. It was convenient and rapid 
and is believed to be an improvement on previous techniques. The general 
arrangement of apparatus is shown diagrammatically in Fig. 3, which is self- 
explanatory except for the following points. 

“ Kelley, 1 /. 5 . Bur. Mines. Bull., 1937, 3 ®- 

■* White and Skelly, he. dt. 

*• Emmett and Shultze, J. Amer. Chem. Soc., 1933, 55. 1390 ; see also Chipman and 
Dastnr, This Discussion. 
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HjS-Hg Mixtures —constant, adjustable rate of flow of Ha (controlled by 
B and C) was passed through the vessel F which contained liquid HgS in a 
Dewar flask in sohd COg. Difiusion of HgS into the Hj stream occurred to an 
extent controlled by the dimensions of the apparatus and was constant for a 
constant rate of gas flow. The proportion of HgS in the resulting gas could be 
altered by changing the Hg rate, or by restricting the lower part of the tube by 
inserting glass capillaries into the apparatus through the 3-way tap, or by 
altering the pressure (and hence the temperature) over the solid COg This 
method of obtaining the gas mixtures had advantages in some circumstances over 
the method of batch mixtures prepared in steel cylinders used by previous 
workers, e g , for very long runs or for a series of very short runs where different 
concentrations were needed. 



Fig. 4 .—Details of furnace, a, mullite furnace tube. 6, molybdenum strip winding, 
c, terminal, d, asbestos-cement end-plate, e, iron furnace case. /, outlet for hydrogen. 
g, water cooling, h, inner mullite tube, i, pure carbon capillary tube. 7, water- 
cooled brass stopper with asbestos gasket, k, reaction chamber, /, graphite stopper 
closing reaction chamber, m, alumina powder, w, asbestos insulation, p, thermo¬ 
couple sheath. 

The Molybdenum Furnace (Fig. 4) was made in the laboratory. In the 
early stages the heater unit had frequently to be replaced owing to breakdown 
of the mullite furnace tube as a result of reaction with the gases, but later an 
timer mullite combustion tube wns inserted. This had a rubber bung at one 
end (protected from heat by a refractory baffle and carr3dng the alumina or 
mullite, impermeable, thermocouple sheath), and a special double-walled water- 
cooled brass stopper at the other. This was fitted with an asbestos-packed 
gas-tight gland, through which a graphite or alumina tube could be rapidly 
inserted or withdrawn without ; 5 .tering the temperature of the furnace. 
Temperature was measured to ± 2® with a Pt/Pt-Rh thermocouple and 
potentiometer sensitive to 0-02 mv., the couple being normally kept withdrawn 
inside the sheath out of the hottest zone to prevent deterioration. It was pushed 
to the end of the sheath when a reading was to be taken, and left until the reading 
was constant. The thermocouple sheaths rarely withstood the Hf-H^S mixture 
for more than a few days. Consequently, the thermocouple was later replaced 
by a disappearing-filament optical pyrometer which was sighted on the end of the 
carbon reaction chamber. In comparative tests the thermocouple and pyro¬ 
meter were found to be in excellent agreement, the mean of a series of concordant 


•* Haberxaann, Chem, Zenlr,, 1890 (4), 282; Inorganic Syntheses {1939), Vol. i. 
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readings on the two instruments differing by< 3® at 1595® c. After 12 hr. heating 
the furnace was generally constant to wittdn±5° for long periods. 

The Reaction Chamber (inset Fig 4) was a small cavity drilled in the graphite 
capillary tube, with a graphite stopper and a vent hole. This device was an 
important feature of the design, as it ensured {a) that thermal difiusion was 
eliminated, since the whole of the chamber was at uniform temperature and the 
gas streamed rapidly into, and out of, the chamber—^too fast for back diftnsion 
to occur.* Fuller the incoming gas was heated by passing through several 
inches of hot capillary before entering the chamber ; (6) no contamination of the 
sample with silica from the mullite tube and simultaneous changes in gas compo¬ 
sition was possible. Taken together, these pomts guaranteed fbat the gas 
mixture in contact with the sample was identical wifii that entering the iolet 
tube. Another important feature of this design was that rapid quenching was 
possible, and a series of samples could be treated consecutively in a short time. 

Iron used in various runs was either pure Swedish iron drillings, or carbonyl 
iron powder,®® or electrolytic iron granules.®® AH of these contained only traces 
of impurities and no differences could be detected between results with the 
different materials. When it was required to approach equilibrium from tiie 
other side, a mixture of feirous sulphide powder (previously made by heating 
together carbonyl iron powder and flowers of sulphur in stoichiometec 
proportions), and carbonyl iron was used. The 0*2 to 0*7 g of starting 
materials was placed as a loose heap inside the reaction chamber where it fused 
into a single bead. 

Procedure.—^With the furnace at the required temperature, the carbon tube 
carrj’^ing a fresh sample was inserted a short way into the furnace with a stream 
of nitrogen passing through it. The nitrogen was followed by HjS-Ha mixture 
for a few minutes and the graphite tube ^vas then pushed further in until the 
sample was at the centre of the heated zone (as shown by a mark on the carbon 
tube). Either during, or immediately aiter, the reaction period a sample of the 
gas mixture wtls by-passed at M for analysis by absorption in alkaline hj^ochlorite 
solution, the manostat B being adjusted, if necessary, to maint^ exactiy 
constant flow through the “ saturator ” (as indicated by C). The absolute rate 
of flow through the furnace could be measured by the soap-bubble flowmeter at 
the exit end. 

At the end of a run the graphite tube was withdrawn steadily with the gas 
mixture running until the reaction chamber was inside the water-cooled stopper. 
Quenching was very rapid owing to conduction through the graphite and in about 
one minute the tube could be taken out completely, the gas mixture being first 
swept out of the furnace by nitrogen to prevent explosion. The resulting iron 
bead was extracted easily by removing the graphite stopper, and weighed for 
analysis. 

Analysis.—^Attempts to analyse the gas and the iron samples by the stand^d 
volumetric method based on oxidation of an alkali or cadmium sulphide with 
iodine proved unsatisfactory.t An impro\'ed method was developed after some 
time, details of which will be published elsewhere. It is based on oxidation of 
alkali sulphide by means of alkaline hypochlorite. It has many advantages over 
the iodine method and is believed to give reliable and absolute results correct to 
±1 % of the sulphur content, pro\dded a number of important precautions are 
strictly observed. 


*® Kindly provided by The Mond Nickel Co. Ltd. 

*® Kindly provided by Messrs. George Cohen Sons & Co. Ltd. 

Kolthofl and Sandell, Textbook of Qiianhiativa Inorganic Anafysts (1943)* P- 720* 

* Approximate estimates of the extent of thermal difiusion, earned out bj Mr. E. 
Whahey. indicated that the error in concentration in this apparatus with a flow 01 
I cc./sec. through a 2-inm. tube should certainly be less than 0*3 %. ^ . 

t It is recognised that none of the many methods of determining sulphur m steel is 
stoichiometrically absolute, i.e,, they are all semi-empirical and yield correct values 
only if carried out in precisdy the standard fashion. Larger or smaller samples or 
sulphur contents may lead to erroneous results.*’ 
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For the gas analysis, a kno\\Ti volume (measured, after absorption of HjS, in 
a water-jacketed calibrated flask or by means of a soap-bubble flowmeter) 
passed through a conical flask containing a known volume of standard alkaline 
Itypochlorite, which w’as afterwards boiled, cooled and titrated. For the iron beads, 
the HgS evolved by dissolution in acid (with rigid exclusion of air) was similarly 
absorbed and determined volumetrically. Subsidiary tests proved that all the 
sulphur was evolved as H^S from the samples encountered in this work, whether 
with or without carbon. 

It was noticeable that some samples of high sulphur content containing large 
amounts of graphite, were very slow to dissolve whereas others of small sulphur 
content dissolved rapidly and left little or no graphite. This is due to the well- 
knowm eflect of sulphur in inhibiting the transformation of cementite (FcgC) 
into graphite, as in w-hite cast iron. No notable differences were found between 
sulphur contents of the graphitised and non-graphitised specimens. 

No noticeable amount of silicon was found in the samples. Those prepared in 
the absence of carbon gave absolutely clear solutions in acid 

Attainment of Equilibrium.—Information as to the rate of attainment of 
equilibrium betw'-een Fc and HjS in the literature is scanty, but the general 
impression is that it is very slow. Thus Chipman and Ta Li*s tests indicated 
that at least lo hr. would be needed to attain equilibrium wdth a 50 g, sample 
starting as pure Fe ; however, absorption of sulphur by the magnesia crucible 
invalidated this test, ^^hite and Skelly allowed about hr. for attainment of 
equilibrium with i g. samples, without apparently investigating the effect of time. 
The reverse reaction was thought to be slow and no attempt was made to quench 
the melt. No difterence was found when the samples w^ere cooled in the gas 
mixture or in pure hydrogen. However, these observations prove nothing about 
attainment of equilibrium, as {a) the temperature coefficient of the equilibrium 
constant is relatively small, and (6) as mentioned above, alumina picli up verj’’ 
large quantities of sulphur during the experiment and this sulphur is evolved as 
HjS for many hours after the gas mixture is replaced by pure hydrogen. 

The present work leads to a different conclusion : namely, that the reaction 
between iron and the HgS-Hj mixtures is rapid at 1560® c. and equilibrium is 
attained almost as soon as the requisite quantity of sulphur can be transported 
by the gas mixture. This conclusion is based on the following tests, {a) J g. 
samples of pure iron w’ere heated for J, i, and 2 hr. Considerable sulphur 
pick-up occurred even in J hr. and the sulphur content wras constant after i hr. 
(5) In tests in which the equilibrium was approached from both sides, samples 
starting with 2 % S finished at 0-3 % S after i hr. and were concordant within 
experimental error with others which started as pure Fe and had also received 
I hr. treatment. It is believed that the above considerations prove that 
equilibrium wras attained in the present experiments. It may be pointed out 
that the chief factor governing this rapid attainment of equilibrium was the 
small mass and large available surfece of the samples. 

Results 

It is possible to report here preliminary results obtained by the aboi'e 
procedure.* 

A few measurements of the equilibrium were first made at 1560^=5** c. in the 
absence of carbon, using an alumina reaction tube packed with alumina capillaries 
to ensure a fast linear rate of gas flow. The results are shown in Fig. i together 
with those of previous workers, with which they are seen to agree well. This 
tends to confirm both the existing data and the validity of the experimental 
methods used here. 

It is noticeable that although the present samples contained no appreciable 
quantity of silicon while those of White and Skelly contained ca, 2 % Si, liiere is 
no significant difierence between the results of these and the present authors. 
Silicon, therefore, seems to have little influence on the activily of sulphur in iron. 

Approximate preliminary results for iron saturated with carbon are shown in 


♦ The work is continuing and it is intended to publish further details elsewhere. 
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Fig. 5 It can be seen that the activity of sulphur (as measured by the pSisIPm 
ratio) has been approximately doubled by the presence of carbon. 

This direct evidence therefore supports the lowest of the indirect estimates 
discussed above. The fact that desulphurisation of iron can be most eftectivel3’' 
carried out while the carbon content is high, i.e , at the pig-iron stage, is probabl}" 
to be ascribed chiefly to a low oxygen 
activity in the slag, but the present 
results show that the influence of carbon 
on the sulphur itself is a contribnton 
fac tor fav ouring desulphurisa tion 

Discussion 

In seeking a theoretical interpre¬ 
tation of the influence of carbon on 
the sulphur activity, a mechanism is 
required by which carbon displaces 
sulphur. On the classical thermo¬ 
dynamic theory this would be found 
in the reduced activity of free iron in 
these melts, which would be ascribed 
to formation of FegC. For example, 

Darken has shown that the freezing 
point of Fe-C solutions could be 
satisfactorily accounted for by sup¬ 
posing that the melt saturated with 
carbon at 1600® c. contains the fol- 
lo\\dng mol fractions of constituents: 

Fe3Cs=0‘37, Fe=o-56, 0 = 0*07. 

It is undoubtedly true that the 
activity of iron is considerably reduced 
by carbon, as evidenced by the freezing point depression. It is possible to 
make an estimate of the extent TOthout postulating the existence of the 
definite compound FegC, e.g., by supposing that both liquid and solid 
solutions of Fe-C are ideal, so that the well-known formula 

A"(soln) Air /J _ i\ 

A(soKd) == 2*3^ [tI TJ 

can be applied. This argument leads to a value of o-6 for the ^tivity of 
iron in a melt with 5 % carbon which is about the same as deduced in another 
way above. Further, this figure would account for the greater part of the 
influence of carbon on the activity of sulphur in the melt, since reducing a^e 
by a factor of o*6 would be equivalent to increasing the activity of sulphur 
in equilibrium by a factor of i/o*6 = 1*7, without allowing for any direct 
effect of carbon on the sulphur component itself. 

It seems highly improbable, however, that compounds such as FeS and 
FejC exist in solution as molecular entities corresponding to these formulae. 
Compounds with approximately stoichoimetric proportions separate out on 
cooling but this is mainly because a regular crysti lattice with equal mrabers 
of positive and negative charges is a stable configuration. Even in tl^ 
crystal, however, there is no suggestion of FeS or Fe^C molecules. ^ Thus, in 
crystalline ferrous sulphide each sulphide ion is surroimded by six ferrous 
ions, the Fe-S distance being 2-45 A,*® In cementite, each carbon is sur¬ 
rounded by 6 Fe ions at the apices of a distorted trigonal prism, the Fe-C 

Darken, Trans, Amer, Inst, Min. Met, Eng., 1940^ ^04. 

•• WeUs, Structural Inorganic Chemistry {i945)* 



Fig. 5.—^Preliminary results for the 
activity of sulphur over melts 
saturated with carbon at 1570® 
± 10® c. 
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distance ranging from 1-89 to 2*15 A. It seems to follow from recent electro¬ 
chemical work that melts from pure FeS and FegC are disordered versions 
of their respective crystal lattices. Liquid “ FeS is probably at least 
partially an ionic melt.®® Mixtures of the melts will, therefore, probably 
be some resultant of the two liquid structures which, however, are obviously 
not mutually compatible, the carbon and sulphur competing for iron atoms 
with which to form their preferred co-ordination shell. A mixture of 5 % 
carbon in iron already contains only four iron atoms to every carbon. It is 
clear that the sulphur has a much reduced chance of forming its most stable 
structure with respect to iron neighbours. Consequently on the average the 
sulphur ions are less strongly held, i.e., their activity is increased. 

This model would also suggest that there should be a reciprocal effect of 
sulphur on carbon,* the activity of which should be increased to an extent 
dependent on the relative tendency of the carbon and sulphur to co-ordinate 
to iron. 

The authors' thanks are due to Dr. F, C. Tompkins and Dr. F. D. Richardson 
for valuable discussions, and to the British Iron and Steel Research Associa¬ 
tion for financial support of this work, including a B.I.S.R.A. bursary to 
one ot us (AX.). 

Summary 

Previous experimental work on the equilibrium between sulphur and iron has been 
reviewed. It has been shown that solutions of sulphur in iron, of compositions between 
pure iron on the one hand and a i: i iron-sulphur melt on the other, can be treated 
thermodynamically in chemical equilibria as binary mixtures of the two extremes and 
that these mixtures exhibit normal positive deviations from Raoult*s law. 

Indirect estimates of the influence of carbon on the activity of sulphur in iron are 
reviewed. Direct measurements have been made of the iron-sulphur equihbrium for 
melts saturated with graphite. Preliminary results show that saturation of the melt 
with the carbon approximately doubles the sulphur activit>«^ at 1560® c. 

The mechanism of this increase of activity is discussed in terms of the probable 
structure of the melts. 

Department of Inorganic and Physical Chemistry^ 

Imperial College of Science, 

London, S.IF.7. 

Samarin, Tempkin and Schwarzmann, Acta PhysicocMm,, 1945, 20, 421; Tempkin, 
Acta Physicochim,, p. 411; Bocl^, Kitchener, Ignatowicz and Tomlinson, 
This Discussion. 

* Possible evidence of this is the apparently lower solubility of carbon in melts 
containing sulphur; Norro and Lundquistfound 4*2-4-3 % instead of the normal value 
of > 5 %• The effect has now been confirmed and is being investigated. 
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1. Thermodynamic Equations 

In this paper are given six free-energy equations from which can be derived 
the complete phase diagram and other thennod5niamic properties of the 
lead-zinc system. Of these, four represent the free energy of fusion and of 
vaporisation of the components. A fifth equation represents the free energy 
of formation of liquid alloys. Finally, one equation is needed for sohd 
solutions of zinc in lead; tte other solid phase is substantially pure zinc. 
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the solubility of lead in which appears to be immeasurably small by any 
tests hitherto tried. 

Of the vapour pressure equations for lead, it appears that the best is that 
given by Fischer.^- viz., 

Pb(Z)=Pb(g): 

log P = — + 8-549 - 1-03 log r . . (i) 

{P is in atm. and T in ® k.) 

For the free energy of vaporisation of zinc, the equation given by Kelley ® 
has been selected, viz., 

Zn{l) = Zn(g) : 

AG® === 30*902 + 6 - 0371 ogr + 0*273 X 10-572 — 45*037 . ( 2 ) 

where AG® is in cal. 


On the heat of fusion of lead, the published calorimetric data are rather 
discordant. It appears that a more reliable value can be calculated from the 
course of the solidus and liquidus Hnes in binary systems containing lead. 
The best results for this purpose have proved to be the measurements of 
depression of freezing point carried out by Heycock and Neville.® Exhaustive 
testing of their results for thermodynamic consistency amongst themselves 
and with more recent data conclusively proves that the accuracy was as 
good as the authors claimed. The equation so deduced for the free energy 
of fusion of lead may be written as 

Pb(s) = Pb(Z): AG(,o„. 5 = 0; AS = + 1*81 cal./degree . (3) 

at 600-5® K. 


This figure for the entropy of fusion is considerably lower than that generally 
quoted. 

An examination of the calorimetric data and thermod3mainic evidence 
on the heat of fusion of zinc has been made. The figure obtained in this case 
is in reasonably good agreement with those generally quoted: 

Zn(s) = Zn{l ): AGgoa-e^ o; AS — + 2-51 cal./degree . {4) 

at 692-6® K. 

The foUowing equation is put forward to represent the change in free 
energy when i g.-atom of a liquid lead-zinc alloy is formed from its liquid 
components, 

AG = R7(A^PblnNpb + NzJnNzs.) 


, VGc- 6 Npb Nza 

I-6iVpb -f- Nzn 


{3000 — 0-527) -f 


V3-2 ATpbiVzn 
yzNyb + A^za 


(3213 - 2*797) 




(5000 ~ 0-527)2 


8jR7(i-6Wpb + Arza)» 
where Wpb and iV'zn refer to mole fractions of Pb and Zn. 


( 5 ) 


In eqn. (5) the first term is, of course, the ideal free energy of mixing. 
The second and third terms, it will be noticed, bear some resemblance to 
those used by Hildebrand * and others to represent departure from ideality 
for regular solutions. The usual volume fraction formida has been split 
into two terms to represent separately the effect of neighbouring and of more 
distant atoms. Another difference from the usual formulation is that 


^ Fischer, Z. anorg, Chem , 1931, aoa, i. 

• Kelley, U.S. Bur. Mines, BuU., No. 383 » i 935 - 

* Heycock and Neville, J. Chem Soc., 1892, $x, 888. 
^Hildebrand, Solubihiy of Non-Eledrolyies, 2nd Edn, (1936)• 
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allowance is made for non-ideal entropy of mixing attributable to the nature 
of the vibrational partition functions. The last term is the correction for 
departure from randomness of distribution of the atoms. For the present 
purpose, the theoretical basis for this formula is unimportant. The thesis 
of this paper is rather that, having determined the best self-consistent free- 
energy equation to agree with the most reliable data on a binary system, one 
is justified in deriving therefrom what may be regarded as the most accurate 
available values of all equilibrium properties of the system. 

For representing the properties of solid solutions of zinc in lead, the 
following equation, giving the change in free energy when i g.-atom of solid 
zinc is dissolved in lead, has been deduced. 

Zn(s) = Zn(Pb {$)) : AG = 9720 — 5*iir + RTinNzn . (6) 

From the above equations, the equilibrium relations in the lead-zinc 
system are calculated and represented graphically, for comparison with the 



F[g z.—T he lead-zinc phase diagram at one atmosphere pressure 

published experimental results. For most of the phase diagram, the agree¬ 
ment between experimental points and calculated curves is as good as can 
be expected from the claimed accuracy of either. In some cases, to which 
attention is drawn, there are significant differences, and the values given 
by the curves axe believed to be nearer the truth than the reported experi¬ 
mental results. 

2. The Lead-Zinc Phase Diagram 

Fig. I shows the lead-zinc phase diagram. The calculated normal boiling- 
point curve is generally in good agreement with the results of Leitgebel,^ 
the biggest difference being at Nza, = 0760, where the experimental point is 
1183° K., whereas the curve gives 1192® k. A boiling point of 1183® k. 
implies tiiat the activity of the zinc is 0*97 ; an activity so near to unity 


* Leitgobel, Z. anorg^ Chem., 1931, aoa, 320. 
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at this temperature and composition is incompatible with other properties 
of the system, and confidence is felt that 1192° k. is a better estimate 
than 1183° K. 

On the miscibility gap 
the most reliable data are 
those of Waring and his 
collaborators.® It can be 
seen that the curve agrees 
well with their results 
over the entire range. 

They determined the 
temperature of complete 
miscibility as between 
1043° K. and 1073° K,; 
the curve gives 1071® k. 

The results of Haas and 
Jellinek ^ are undoubtedly 
erroneous at the higher 
temperatures but agree 
with those of Waring 
below 900® K. Both sets of 
results are shown for the 
zinc-rich region in Fig. 2. 

Waring reports iVza = 0-9978 for the monotectic composition; Haas 
and Jellinek report Nza = 0-9939 for the zinc-rich phase at 693® K., just above 
the monotectic temperature. Waring*s figure was deduced from his two 
results, shown in Fig. 3, on the zinc liquidus. These indicate that the liquidus 
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Fig. 2.—Solubility of lead in zinc. 
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Fig. 3.—^The zinc-rich liquidus. 


is pronouncedly convex, which is extremely unlikely for such dilute solutions. 
The curve drawn, calculated from eqn. (4) and (5), differs very little from that 
which would be obtained were the activity of the zinc equal to its atomic 
fraction. This curve agrees almost exactly with the results of Heycocfc and 
Ne\ille.* There is every reason to believe that the course of the liquidus, 

•Waring, Anderson, Springer and Wilcox, Tra/MS. Amer. Inst, Min. Met. Eng., 1934, 
HI, 254. 

’ Haas and Jellinek, Z. anorg. Chew,, i 933 » a**. 356. 

•Heycock and Neville, J. thenu Soc., 1897, 71, 383. 
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as drawn, is substantially correct. According to Waring, the monotectic 
temperature is i*6® k. below the melting point of zinc ; Heycock and Neville 
find 1*5® K. for this difference. Fig. 3 t^es the monotectic temperature as 
1-42® K. below the melting poiut of zinc and gives the monotectic composition 
as jYzn = 0*9973. 

For the solubility of zinc in liquid lead at the monotectic temperature, 
Haas and JeUinek find iVzn = o*o6i, while Waring reports an identical 
figure, apparently, however, obtained only by extrapolation from his other 
results. The calculated figure of iVzn = 0*052, as given by the curve of 
Fig. I, is believed to be nearer the truth. 

For the lead-rich eutectic composition, Hodge and Heyer ® report 
iVzu = 0*0157, a figure with which Waring agrees exactly without giving 
experimental details. Hodge and Heyer obtained their result as the com¬ 
position at which the curve 
passing through the liqui- 
dus points which they 
determined intersects the 
eutectic temperature line. 
As can be seen from Fig. 4, 
their points indicate a con¬ 
vex liquidus, whereas the 
calculated curve is slightly 
concave. Here again the 
results of Heycock and 
Neville^ fit excellently a 
thermod5niamically self- 
consistent curve, about 
which it is reasonable to 
regard the results of Hodge 
and Heyer as randomly 
scattered. Heycock and 
Neville found a eutectic 
temperature 9*08® k. below 
the melting point of lead, 
white Ho^e and Heyer 
found 9*2° K. Fig. 4 shows 
this temperature interval as 
9*05® K. ; this implies a 
eutectic composition of 
Nza = 0*0181, which appears to be consistent with the microscopic evidence 
presented by Hodge and Heyer. 

As shown in Fig. 4, Hodge and Heyer fixed two points on the lead-rich 
solidus from halts on heating curves. From the absence of a eutectic break 
on cooling curves at IVzn = o*ooi6 and the presence of a eutectic break at 
Nza — 0*0019, they concluded that the solid solubility at the eutectic 
temperature is about Nzu == o*ooi6. This evidence appears to be rather 
inconclusive. Eqn. (6), on which the solidus curve shown is based, was 
deduced so as to be thermodynamically consistent with the liquidus curve 
of Heycock and Neville. This leads to quite good agreement with the two 
soKdus points determined by Hodge and Heyer, but gives a solid solubility 
at the eutectic temperature of Nza. == 0*0033 ; this figure is believed to be 
the best estimate possible with the available experimental data. From 
eqn. (6) the solid solubility curve below the eutectic temperature can be 

• Hodge and Heyer, Met, AUoys, 1931, 5, 297. 



Fig 4.—^The lead-nch liquidus. 
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calculated, as shown in Fig. 5 ; there are no published results for confirming 
this. 



Fig. 5 —Calculated solid solubility of zinc in lead. 


3. Heat of Mixing 

The heat of mixing of zinc and lead is implicit in eqn. (5). In Fig. 6, 
the full curve represents the calculated heat of mixing for 723® K. and the 
points the experimental results of Kawakami for 723® k. The agreement 



is rather poor. There is a better agreement between the experimental results 
and the calculated curve, shown as a broken line, for 703® k., but there 
still remains a large discrepancy for the result at Nza == 0*070, Drawing 
a line from the origin through this point at Nza = 0*070 to intersect the line 
through the points for the miscibility gap would imply that at 723® k. a 
saturated solution of zinc in lead has a composition in the region of 
Nza = 0-17 ; from the experimental points shown in Fig. i, it is clear that 

Kawakami, Z. a»org, Chern,, 1927, 167, 345 * 
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this is incorrect. If, as thus seems certain, Kawakami's result for 
Ntxl = 0-070 is seriously in error, no high accuracy can be ascribed to his 
other results. It is therefore believed that the calculated curve shown 
for 723° K. is more accurate than one drawn simply to fit Kawekami's results. 



Fig. 7,—The activity of zinc in its liquid alloys with lead. 


4. Activities and Vapour Pressures 


In Fig. 7 axe plotted the zinc activity curves for 926® k., 1027° k., 1071° k., 
and 1180® K. At the two lower temperatures a comparison can be made 
with the vapour pressure measurements of JeUinek and Wannow.^^ At 
926° K. the agreement is perfect; at 1027® k. the difference for Nza. = 0-135 
appears to be within the admitted error of the experimental results. 
1071® K. is the minimum temperature of complete miscibility, and the curve 
becomes practically horizontal between Nza. = o-6 and Nzn = o*8. At 
1180® K., the boiling point of zinc, the curve never becomes horizontal, 
but the activity of the zinc decreases only from 0-93 to 0-83 as Nzyx decreases 
from 0-9 to 0-5; consequently, in this range, the boiling-point curve, as 
shown in Fig. i, is very flat. 

The boundary of the vapour phase at one atmosphere pressure is indicated 
in Fig. I, but, except at the higher temperatures, the lead concentration is 
too small to be conveniently represented there. Fig. 8 shows the lead 
content of the vapour, as a fimction of liquid composition, for alloys at their 
normal boiling points. This curve starts off from the origin with a slope. 


N^{g) 


= 0-0041. 


That is, for dilute solutions of lead in zinc at 1180® k., the gas phase 
contains 0-0041 times as much lead as the liquid. 


^ JeUinek and Wannow, Z. EUkirochem,, 1935, 41, 346. 
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5 . Applications to Process Metallurgy 
A quantitative knowledge of the activities of zinc and lead in their liquid 
alloys is of help in explaining the extent to which lead is volatilised during 
the operations of zinc smelting. In the intermittent, horizontal-retort 
smelting process, where the gases produced consist of equal volumes of zinc 
and carbon monoxide, it can readily be shown that the lead in the charge 
is present as metal, with its activity reduced very little below unity by the 
zinc dissolved in it. The concentration of lead in the vapour is therefore 
determined essentially by the vapour pressure of lead at the temperature 
of the charge in the retort. The percentage of lead in the zinc produced 
at each stage of the distillation is therefore independent of the amount of 
lead present in the charge, provided that, as is usually the case, there is 



sufficient lead there to saturate the gas throughout the cycle of operations- 
The temperature, and hence the lead content of the zinc condensed, increases 
as the distillation proceeds. If, however, the material treated contains very 
little lead, the first zinc distilled off contains approximately the norm^ 
amount of lead ; then the lead in the charge becomes exhausted, so that the 
later metal tapped is comparatively free from lead. It is customary to 
Kquate high-lead zinc obtained from horizontal retorts; the extent to which 
the lead content can be reduced is illustrated in Fig. 3. 

In the more modem, continuously operated, vertical retorts, the mixture 
of zinc vapour and carbon monoxide passes through an unheated extension 
of the retort, which is filled with briquetted charge. Here the gases are 
slightly cooled, but necessarily their temperature cannot fall below 1115° k., 
the zinc dew-point. At this temperature the vapour pressure of lead is such 
as to give 0*09 % lead in the zinc. In the usual practice, the zinc produced 
contains somewhat over o-i % lead. 

High purity zinc, needed for making zinc-aluminium die-casti^ alloys, 
is produced by distilling and refluxing the crude metal. The boilmg-point 
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cxirve of Fig. i and the relation between the lead content of liquid and 
vapour, as given in Fig. 8, can be used to calculate the purification attainable 
under various conditions. 

It may be of some interest to mention a recently developed American 
process for dezincing desilverised lead by vacuum distillation. Lead 
containing o*5-o-6 % zinc is heated to 600° c. and the pressure reduced to 
0*5 mm. Hg. Within about 2 hr. the pressure has dropped to 0*05 mm. Hg., 
at which figure it remains for the rest of the 5-hr. distillation period. The 
partial pressure of the zinc under such conditions can be calculated from the 
data given in the present paper. 


Summary 

From the available experimental data on the lead-zinc system, an equation to repre¬ 
sent the free energy of mixing of liquid zinc and lead has been derived. Hence a thermo¬ 
dynamically self-consistent phase diagram is drawn. The manner in which these 
calculations may be applied to problems in zinc smelting and refining is indicated. 

It is calculated that the entropy of fusion of lead is i*8i cal. g.-atom.-i. At 
the lead-zinc monotectic, the atomic fractions of zinc in the two liquid phases are 
estimated to be Nza. == 0-052 and Nza = o*9973- For the eutectic, the calculated 
composition of the liquid is Nza = o-or8r, the solubility of zinc in solid lead at the 
eutectic temperature being Nzn = 0*0033. 

Research Department, 

Nation^ Smelting Co. Ltd., 

Avonmouth. 

Isbell, ^let. Tech., 1947, * 4 * T.^. 2138. 


ASPECTS OF GAS-METAL EQUILIBRIUM, INTERSTITIAL 
SOLUTION AND DIFFUSION 

By R. M. Barker 
Received *]th July, 1948 

Several non-metallic elements which play fundamental roles in metallur¬ 
gical processes may enter the lattice of a metallic crystal to give interstitial 
solid solutions. The properties of many of these phases are r^^kable and 
despite progress already made,^ * ® much remains to be done in interpreting 
them. Some features of such phases will, therefore, be reviewed from the 
standpoints of crystal chemistry, interatomic forces, equilibria, and kinetics 
of formation. 

(1) Conditions for Formation of Interstitial Phases 

Elements usually from the first short series (H, B, C, N and O), sometimes 
form zeolitic solid solutions in metals of the transition series. For such a 
reaction to occur, the free energy of the solution must be less than that of 
the original metallic crystal and of the non-metallic phase. The subsequent 
decrease of free energy on solution must also be greater than that for any 
other phases which might also form (oxides, nitrides, carbides, etc.). These 

^ Haag, Z. physik. Chem. B, 1929* 6 * 221; Z. physih. Chem., 1930,7, 339; Z. physik. 

Chem., 1930, S, 445 ; Z. physik. Chem., 1931, la, 33. 

» K.nndle, BaSiziger, Wilson, and McDonald, J. Amer. Chem. Sac., 1948, 70, 99. 

» Horn and Ziegler, J. Amer. Chem. Soc., 1947, 69, 2372. 
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Some Radius Ratios for Metals and Non-Metals * 
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requirements are sometimes fulfilled since interstitial solutions are well 
known. 

A geometrical consideration contributes to the free-energy change in 
forming an interstitial solution. The radius ratio of the non-metallic element, 
X, to the metallic one, A, must be small (<0*59 *) for only then will X occupy 
interstices in A without undue distortion of the parent lattice of A. In such 
an ideal interstitial solution the metal atoms still remain in contact, and 
their arrangement is unaltered, i.e., is mainly cubic or hexagonal close- 
packed (co-ordination number 12) or body-centred cubic (co-ordination 
number 8). When the radius ratio approaches or slightly exceeds the 
critical value of 0-59, distortion of the lattice of A becomes increasingly 
evident, and the phase may break down into one or more non-interstitial 
compounds as the content of X increases. 

Table I summarises some radius ratios for elements of the first short 
series and a number of the transition elements. The radii * are corrected 

for the co-ordination number 
(C.N.) of the element. This 
can only be partially done for 
the metals because, for ex¬ 
ample, the C.N. of 12 rises 
as the content of X increases 
until in a phase AX of rock 
salt structure (i.e., 12 A-A 
contacts and 6 A-X contacts 
per atom of A) the C.N. is 18 
for each atom A.t On the 
other hand the valence of 
the metal may increase and 
this would tend to offset 
the effect of co-ordination 
upon the metallic radii.* * 
Metallic radii for C.N. = 12 
have been used throughout the table, and the radius ratios are probably 
upper limits. These ratios are in fact slightly greater than some previously 
given,® 

From the geometrical consideration only, one would expect many 
interstitial solutions containing H; that such phases containing C, N 
or O should be common; while interstitial B or F would not often 
occur, and interstitial Be should be a rarity. Such considerations 
alone are inadequate because a second factor comes into play—^the electro¬ 
negativity difference between A and X, Thus for example F, very high in 
the electronegativity scale, always forms ionic fluoride lattices with metals. 
The electronegativities decrease in the sequence F(4*o) >0(3*5) >N(3-0) > 

* Paul^, /. Amer, Chem, Soc., 1947, ® 9 * 54 ** 

* Pauling, Physic, Rev,, 1938, 54, 899. 

* cf. Evans, Crystal Chemistry {C.U.P., I 939 )*» I4B- 

* The upper limit 0-59 corresponds to the radius ratio near which octahedral co-ordina¬ 
tion of X becomes unstable relative to a special structure where X has a co-ordination 
number = 7. When the ratio reaches 0*65 another special structure where X has a 
co-ordination number = 8 might be expected. Unless such interstitial structures do 
occur in s^uence the upper Umit 0*59 must be only a rough approximation. Indeed 
for all radius ratios above 0*41, expansion or distortion of the metal lattice is likely 
for octahedral co-ordination of X. 

t Similarly in interstitial solutions AX* of fluorite structure there are 12 A-A and 
8 AX contacts per metallic atom for which the CJN, is then 20. In zinc-blende type 
solutions, A-X, the C.N. for A is 16 (12 A-A contacts and 4 A-X contacts). 
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C(2*5)>H{2*i), so that the interference of this factor with the geometrical 
criterion should decrease in the same order. These electronegativities may 
be compared with i-6 for Ti and Zr and 1-3 for Sc and Y, as typical transition 
elements.’ 

In a close-packed array of metal atoms two kinds of interstitial position 
occur: ” octahedral" sites (C.N. = 6); and tetrahedral ” sites (C.N. = 4). 
Which kind of site X will occupy depends on the rule that it attains the 
highest co-ordination number compatible with its size. Larger atoms X 
tend, then, to occupy octahedral sites and smaller ones the tetrahedral sites, 

TABLE II 

Crystal Chemical Data on Some Interstitial Solutions 


Co-ordinatioii 
of Atoms X 

Proportion of 
X sites 
occupied 

Arrangement ^ 
of metal Atoms 
A in phase 

Structure of 
phase 

Examples 

1 

Sixfold 

( 0 - 4 I- 0 - 59 ) 

radius ratio 

1*0 

0-5 

0*25 j 

Cubic 

close-packed 

** 

Rock salt 

*1 

TiC,ZrC,HfC,ThC, 
TiN, ZrN, ScN, VC, 
NbC,TaC, VN,CrN 

WgN, MogN 

Mn^N-, Fe^N 

Fourfold 
(o*23-o*4i) 
radius ratio 

1*0 

0*5 

0'25 

0*125 

Cubic 

close-packed 

>> 

1 

” 1 

Fluorite 

Zinc-blende 

tr 

1 

1 

TiHa 

ZrH, TiH 

PdjH 

Zr^H 

Sixfold 
( 0 - 4 I- 0 - 59 ) 
radius ratio 

0*25 

Hexagonal 

close-packed 

— 

Ta,C, V,C. 

W,C, Mo,C. Ma,lT. 
Cr,N. Fe,N 

Fourfold 

(0-23-0-4I) 

radius ratio 

0*25 

Hexagonal 

close-packed 

Wurtzite 

1 

ZrjH, TaaH, 

TifiH 

Fourfold 
(>0-29) j 

radius ratio 

— 

Body-centred 

cubic 

— 

TaH 

Sixfold 
(>0-58) 
radius ratio 

j 

Simple 

hexagonal 

1 

WC, MoN 


the maximum radius ratio being about 0*59 for C.N4 = 6 and 0-41 for 
C.N. = 4. There is no need for all the sites of a given tj^ to be fiUed because 
the metal lattice is stable in the absence of any interstitial atoms. However, 
since there is only a limited number of sites the composition cannot go past a 
spe^c upper limit. Thus for the atom X in octahedral co-ordination, a 
sodium chloride tj^e of structure of composition AX is the anticipated Hinit. 
In fourfold co-ordination, complete filling of all sites may give a fluorite 
structure of composition AX3, while the symmetrical filling of one half of 
these sites may give a anc-blende structure of composition AX, 


^ Pauling, Nature of the Chemical Bond (Cornell Univ. Press, 1940), p- 64* 
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A classification of some interstitial structures is given in Table II. In 
addition there are the so-called X2 structures in which the atoms X, notably 
carbon, occur in pairs. Such are the-phases LaCg, CeCg, PrCg, NdCg, UCg, 
and VC, conforming to one variant, and ThCa and ZrCg conforming to a 
second variant of an arrangement of Xg groups in sixfold co-ordination in 
the interstices of a somewhat distorted simple cubic lattice (Fig. i).® 

In addition to the phases 
of Table II, interstitial 
borides are known, and an 
interstitial solution of oxy¬ 
gen in Zr with a limiting 
composition® of about 
ZrOo.4 and of oxygen in Ti 
with about 42 atoms % of 
oxygen.^® The interstitial 
structures have many 
metallic properties (opacity, 
metallic lustre, electronic 
conductivity, super-conduc¬ 
tivity®). In addition, they 
sometimes possess the very valuable properties of inertness, great hardness 
and high m.p. (Table III). 

(2) Nature of Interactions between Metal and Interstitial Atoms 

The hydrogen atom is the smallest found in an interstitial solution. 
Because it is a gas, the properties of hydrogen-metal sj^stems may be studied 
by techniques used for the measurement of sorption equilibria. An empirical 
classification of the interstitial solutions is possible,into those formed 
endotheimally (H in Fe, Co, 

Ni, Cu, Pt) and those formed 
exothennally (H in Pd, V, 

Ta, Ti, Zr, Th). For the 
first group of allojTs the 
hydrogen solubility increases 
as the temperature rises; 
for the latter it increases as 
the temperature decreases, 
reaching limiting composi¬ 
tions at sufficiently low 
temperature or high hydro¬ 
gen pressure (Fig. 2). From 
the variation of these solu¬ 
bilities with temperature 
approximate sorption heats 
(A^ may be derived which 
are ^ven in Table IV, both 
for I g. mol. of molecular 
hydrogen, and for i g. atom 
of aiomic hydrogen. Referred to hydrogen atoms, the transfer from gas 
phase to these metallic interstices is always strongly exothermal, and the 
magnitude of the interaction is so large as to suggest forces other than 

* After Evans, ref, 6, Fig. 35. 

• de Boer and Fast, R$c, trav. chirn,, 1940, 59, 161. 

Ehrlich, Z, Elektrochsm,, 1939, 45, 362. 

w- cf. Barrer, JOiffitsion in and through Solids (C.U.P., 1941), p. 151. 


TABLE IV 

Heats of Solution of Hydrogen in Metals 


Metal 

Heat of Solution in 
cal./mol. of Hg 

Heat of Solution of 

I g. atom of H 
atoms (cal.) 

Ti 

—10,000 

—56,000 

Zr 

— 17,500 

—59,800 

Th 

—22,500 

—62,300 

V 

- 7,700 

-54.900 

Pd 

— 2,040 

—52,000 

Cn 

-1-14,100 

—44,000 

Co 

-f 7*300 

-47,400 

Fe 

-f 7,000 

-47.500 

Ni 

+ 5*600 

—48,200 

Pt 

+ 35*400 

—33.300 

Mo 

+ 3.500 

-49,300 


TABLE III 


Phase 

Composition 

M.p. ® K. 

Hardness 
(Moh^s Scaled 

TiC 

3410 

8-9 

HfC 

4160 

— 

W*C 

3130 

9-10 

NbC 

3770 

— 

ZrB 

3265 

9 

TiN 

3220 

8-9 

ZrN 

3255 

8 

TaN 

3360 

— 
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van der Waals* cohesion between hydrogen atoms in their interstitial environ¬ 
ment and neighbouring metal atoms. 

Several views axe possible as to the nature of the interaction. The transi¬ 
tion metals are often paramagnetic, a phenomenon usually ascribed to 
unshared electrons or “ positive holes in the i-levels. Crystals of Ni or 
Pd, for instance, have about o*6 unpaired electrons per atom. Progressive 
replacement of Ni (at. no. = 28) by Cu (at. no. = 29) in a suhstituUve solid 
solution results in an increase in the total electrons available, and the 
additional electrons will tend to go into states of lowest energy, here into the 
unfilled if-levels. At the composition Cuo.eNio.4, o-6 extra electrons per atom 
have entered the crystal, the paramagnetism of which is then found to be 
zero. Similarly when H enters 


the Pd lattice, at the composi¬ 
tion PdHo.g, 0-6 extra electrons 
per Pd atom have been added, 
and if these enter the unfilled 
i-levels the phase wiH, as 
observed, be paramagnetic and 
a limit set to its H content.^^ 
Such a view, while describing 
adequately composition limits 
and magnetic properties, would 
suggest that the H atoms are 
actually present as cations. 
Efforts to demonstrate the 
presence of cationic hydrogen 
have at best, however, had 
limited success.^® Thus al¬ 
though the H in Pd drifts 
towards the cathode under an 
applied p.d., the estimated 
positive charge per atom is 
only a small fraction of the 
proton charge. An alternative 
view is that only one H atom 
out of many exists as a 
proton. In either view the 
interstitial hydrogen is to be 
regarded as substantially 
unionised. 



Fig. 2.—^Temperature variation of solubiliiy 
at X atm. pressure of hydrogen in 
metais dissolving it exothennally and 
endothermally.^® 


A further weakness of the above view if applied to other interstitial 
structures is that it does not easily explain the hardness and inertness of 
many of these phases. A diemical explanation involving valence bonds 
between the metallic atoms and between metallic and interstitial atoms may 
do this much better if the metallic characteristics can also be preserved. 
Such a view of the metallic state in general has been developed by Pauling/ ® 
which takes over for metal crystal the theory of the electron-pair bond, 
hybridisation of pure '' d, s, and p orbitals, and resonance. A not dissimilar 
view of the hydride UH3 has been given by Rundle.^* Here the structure is 
more complex than that of a simple interstitial hydride, although metallic 
conductivity remains. 


Emeleus and Anderson, Modem Aspects of Inorganic Chemistry (Routledge, 1938), 
p. 446. 

** Co^hn and Specht, Z. Physik, 1930, 62, i. Dnlun, Z. Physih, 1935, 94, 434. 
Rundle, /. Amer, Chem, Soc„ 1947, 1719* 

Smithells and Fowler, Pros, Roy. Soc. A, 1937, 38. 

C* 
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For a chemical explanation of the inertness and hardness of many inter¬ 
stitial structures, the most important property is the very great number of 
potentially bond-forming contacts between metal atoms and between metal 
and non-metal atoms. This number of contacts is unequalled in any substi¬ 
tutional solid solution. The number of electrons per atom available to form 
electron pair bonds is always less than the number of contacts per atom, 
and so the bonds formed will be fractional ones, resonating among the avail¬ 
able positions. The resonance energy increases further the stability of the 
phase, while the resonance of valence electrons throughout the crystal 
confers on it the property of metallic conductivity. 

The interstitial atoms which enter the parent metal crystal also supply 
electrons available for bond formation (H contributes i; B, 3 ; C, 4; N, 3 
(or 5); O, 2 (4 or 6).* In the parent metal crystal, for example, Fe, Co, 
or Ni, there are on Pauling’s theory 5*78 valence bonds per atom; and 
2*22, 1*71, and o*6i unpaired ^-electrons respectively per atom. The 578 
valence bonds per atom are attributed to dsp hybridisation, involving 
2*56 (i-orbitals, i-o s-orbitals and 2-22 j^-orbitals. Introduction of inter¬ 
stitial atoms may modify the hybridi^tion of the “ pure " orbitals in 
the metallic atoms; or may use separately the impaired electrons referred 
to above. Various possibilities can thus arise, but without further magnetic 
and other experimental data it would be out of place to attempt an an&ysis* 
One may, however, briefly interpret the Pd-H phase according to this view. 
In Pd the situation corresponds to that in Ni. In the pure metal there are 
378 valence electrons used per atom (2-56^, i-os, and 2*22^). There are also 
0'6o unpaired 4^^-electrons and 3*62 paired non-bonding 4i-electrons per 
atom. When H-atoms enter the crystal the unpaired rf-electrons are, on the 
chemical theory, progressively used up in forming electron-pair bonds with 
the^ is-electron of the H atom. This ma,y be done in several ways, one of 
which involves promotion of an unpaired 4i-electron to the 5^-orbital at 
the moment of bond formation. In any case when the composition PdHo.* 
is reached, the ^Z-electrons are used up and so more hydrogen can enter the 
crystal. Also the ciystal should have zero paramagnetism. Both features 
are in agreement with experiment. 

(3) Interstitial Sorption Equilibrium 

Equilibrium between a gas sorbed interstitiaJly and the free gas may be 
formulated statistically.^® Such treatments usually regard the medium 
as providing a uniform set of sites which are occupied by atoms or molecules 
of the gas. 

Consider the distribution of a gas between a gas volume Vg and an inter¬ 
stitial volume Vi. In the gas phase containing Ng molecules, the free energy 

per molecule, is: 

Ng ~ ’ {znmkTj'I’j ~ (ekT ' { 2 mnkT)y ' 

where k = Planck’s constant, k = Boltzmann’s constant, m — the mass of 
the molecule, and jg(T) = the partition function for rotational and vibra¬ 
tional degrees of freedom of the molecule. In the interstitial volume, when 

i«Laclier, Proc. Roy. Soc. A, IQ37. i6x, 525, 

Bairer, Trans Faraday Soc.g 1944, 4 ®* 374 * 


* The ntunbeis of additional electron pair bonds woold thus be larger for B, C, and 
N than for H, and the interstitial stmctnres might therefore be harder for B, C, and 
as is observed. 
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a fraction fl of all the available sorption sites is occupied by W, interstitial 
molecules, the free energy of a sorbed molecule is 




d 


1 — 0 a,{T)/ 


( 2 ) 


where = ^\{T). e is the partition function for an occluded molecule, 
<p is the least energy needed to remove a molecule from the interstitial to 
the gas volume, and j^{T) is the partition function for internal degrees of 
freedom of the molecule and its motions relative to the lattice. If the 
molecule behaves interstitially as an oscillator vibrating with mean 
frequency v, and internal degrees of freedom (including rotations) remain 
the same as for a gaseous molecule, then 

• • • ■ (3) 

At equilibrium the free energy of a gas molecule in both phases must be 
the same, so that * 


0 _ ^_i_ [ hT yt* I h 

- 0) * ~ kT \2mml ® 


(4) 


Eqn. (4) applies to the distribution, for example, of atomic hydrogen between 
g^ phase and metallic interstices. For the hydrogen molecules in equilibrium 
with atoms 

where values of can be obtained in the range 500^-2500° K. from the 
relation 

- AU loi^ooo 

= . . . (5) 

Thus, substituting pa = in eqn. {4), 

Some equilibria between gaseous and interstitial hydrogen have led to 
experimental entropies of occlusion very near to those calculated from 
eqn. (6), where the value of is taken to be that for oscillators- Free 
energies of occlusion can be quite well estimated using measured heats of 
occlusion and entropies of ocdusion characteristic of oscillators.^^ 

It may happen that at suitably high temperatures the oscillators become 
mobile. Values of were, therefore, calculated assuming three-dimensional 
translational mobility of the sorbate within the interstitial volume, two- 
dimensional translational mobility, and one-dimensional translational 
mobility respectively. Entropies of occlusion computed for each model 
suggested very different entropy " levels '* corresponding to the different 


Frenkel, Kinetic Theory of Liquids (O.U P., 1946)1 P- 
Roberts, Some Problems tn Adsorption (C.U.P., i 939 )» P- 59- 

* If the oscillators were truly localised, the term on the right-hand side of eqn, (4) 
would contain an extra ** e.'* However, as pointed out by Freokel m a discu^on 
of the origin of the entropy of fusion, in real crystals as distinct from ideal ones, the 
terra does not arise. This is because, m the present system the c^cillators l^ve a residual 
mobility which allows them occasionally to migrate irom one interstitial site to another, 
so that the whole interstitial volume becomes available to each molecule, just as in a 
liquid or gas the whole free volume is also available. 
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degrees of interstitial mobility, so that experimental entropies of occlusion 
may oEer a good guide as to interstitial mobility.^’ 

The entropy levels are, however, less TOdely spaced than was originally 
thought, although the efect is large enough to remain a good measure of 
mobility of a sorbed phase.* Suppose the interstitial gas has gas-like mobility in 
the interstitial volume. Allowing for the high concentration in the interstitial 

solution, the volume available for the sorbed gas is F, ^ j = Ft{i — 6) 

where Ns is the number of sorbate molecules needed to occupy all the 
sorption volume F*. The partition function for the sorbed gas is then 




I N,l 

Ni 


which, using Stirling's theorem, and setting 6 = leads to 

fss 

I 


A* IT* In/ ® 




{ 2 nmkT)‘f‘ ^j{T) 
At equilibiimn (i.e., equating eqn. (8) and (i)) one has 


(I 


6 V _ ^ _ I ^ 

- \N,} ~ hr' N's 


(7) 


( 8 ) 


(9) 


where N's is the number of molecules required to saturate i cc. of interstitial 
volume. Similarly, if there are two trandational and one vibrational degrees 
of freedom for the sorbed molecule corresponding to complete mobilitj’ on 
internal surfaces. 


e _r. _J_ /ftr\V» , 1. JL . ^ 

(l — d)p * kT \ 27 tm) ^ Nl ^ 


. (lO) 


where Nl is the number of sorbate molecules required to saturate i cm.* 
of intern^ surface. For one translational and two vibrational degrees of 
freedom of the sorbed molecule 


—i—AT f-l^\ i JL 

®“ftr \27anj V* N's 


(II) 


where NT is the number of sorbate molecules per cm. at saturation. iVs, 
Nl and NT were omitted from the original formulae for and if 5; 

they will have values of the order 10**, 10^^ and 10^ for small molecules and 
the change in entropy when an oscillator becomes fuHy mobile is then 
about 16 cal./degree. 

A characteristic feature of some hydrogen alloys is that at a certain 
charge of gas the system becomes, or tends to become, univariant so that, 
on fixing the temperature, hydrogen is taken up at constant pressure. This 
behaviour has been discussed by Lacher for the Pd-Hj system. An attrac¬ 
tion was postulated between interstitial hydrogen atoms which increased 
as d increased (and so, on an average, the H atoms came nearer to one 
another). At a critical concentration, H atoms tend to cluster, yielding a 
hydrogen-rich phase in equilibrium with a hydrogen-poor pha^. At this 
point, further charging of the metal with hydrogen merely increases the 
amount of hydrogen-rich phase at the expense of the hydrogen-poor phase, 
the pressure remaining constant. 


• A discossiotL with Dr. C. Kemball brought this point to the notice of 13 ie writer. 
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The assumption of an interaction between hydrogen atoms is reasonable. 
Each H atom is in fourfold co-ordination with Pd, in a " tetrahedral site, 
and no two hydrogen atoms approach nearer to one another than corresponds 
to the distance between successive interstices. This, however, is quite small, 
so that an attraction is possible. Lacher*s view is not compatible with the 
occurrence of hydrogen as protons which would alwa3’s r&pd one another. 
The presence of hydrogen sometimes modifies the packing of the metallic 
atoms: 

Phase . . . • Ti^H TiH TiH^ Ta^H TaH 

Packing of Metal Atoms. H.c.p. C.c.p. C.c.p. H.c.p. B.c.c. 

(H.c.p. = hexagonal close-packing; C.c.p. = cubic close-packing; B.c.c. = 
Body-centred cubic packing.) Such rearrangements may then ^o result in 
two phases. 

(4) Kinetics and Non-equilibrium Processes 
The rate at which hydrogen diffuses into a transition metal depends 
hUer alia upon the surface condition of the metal. In an active condition 
penetration may occur freely, 
w'hile in an inactive state, but 
under otherwise identical con¬ 
ditions, sorption may be almost 
completely inhibited. This 
behaviour draws attention to 
surface processes which may be 
much slower than interstitial 
diffusion. To some extent the 
nature of these processes is 
understood,®® but a major prob¬ 
lem has been to disentangle 
them from each other and 
from intracrystalline diffusion 
where all occur together. One 
approach to this problem is 
the ** time-lag method, in 
which gas is diffused through 
the metal in the form of a mem¬ 
brane, The steady state of flow’' 
is established only after an interval of time, and the final rate of flow expressed 
as a pressure-time curve approaches an asymptote which extrapolates to 
cut the axis of t and make an intercept L with it (Fig. 3).®^ In the absence 
of slow surface reactions, and when the membrane is initially free of gas, 
72 

i ^ where I is the membrane thickness (when in the form of a plate) 
and D is the Hiffnsmn coefficient.*® If the membrane is a spherical shell of 
inriftr and outer radii a and b, L== ^ : ^d if it is in the fonn of a 

_ a* + (J* 4 - fl*)ln alb . , 

hoUow cylinder, L = - -expressions become 

more complicated when slow phase-boundary reactions are also present.**** 
cf ref. ri, Ch. 4. 

“ Barrer, Trars. Faraday Soc„ 1940, 36, 1235. 

•* Barrer, Trans. Faraday Sos., 1939, 35, 628. 

** Baxrer, Phil. Mag., 1939 {?) ^ 4 ® 

Jaeger, Trans, Faraday Soc., 1946, 42, 615, 



Fig 3—^Time lags in establishing the steady 
state of flow of hydrogen through a hollow 
palladium cathode *5' 
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When D is determined using the simple expression L = ^ for a plate. 


and the steady-state permeation rate 


_2^ (Co— Oz) 




is also measured, 


a value is obtained for (Co — Cz). If it is found that (Co C;) has the value 
it would possess when Co and Ci are equilibrium concentrations (Co and Ci 
being respectively the concentrations just inside the metal membrane at 
the faces, x = o and x = 1 ), then it may be inferred that rate-controlling 
surface reactions are absent, or unimportant. If Co — Cz is smaller than 
corresponds to equilibrium, as is often the case, then surface reactions are 
comparable with diffusion,2® and to eliminate these one must activate the 
surfaces, for example, by alternate oxidation and reduction, imtil equilibrium 

values of Co and Cz are 
reached. 

In a study of diffusion of 
nascent hydrogen* in Pd 
andFe using these methods,^ 
progressive changes in the 
relative importance of sur¬ 
face reactions and of intra- 
aystaUine diffusion were 
followed. For a hollow Pd 
tube acting as cathode, cal¬ 
culated values of Co — Q 
initially corresponded to 
saturation of the metal at 
X = 0, and Cz < Co at A? 5= L 
The surface activity of the 
metal steadily decreased 
however until (Co ~ Cz) was 
quite small, and surface re¬ 
actions were rate-controlling. 
At high current density and 



Fig. 4.—Influence of current density upon 
permeation velocity of H, through Pd in 
various stages of surface activity.*^ 


A parallel phenomenon was also observed, 
with the Pd surface in its most active state, the permeation rates were 
independent of current density, corresponding again to saturation for Co 
and a small value for Cz. As Co — Cz decreased to peirallel the decrease in 
activity of the Pd surface, the permeation rates P began to depend on the 
current density I while getting smaller in magnitude. At jfirst, in an inter¬ 
mediate state of activity of the Pd, curves of P against VT were convex 
away from the ^/I axis. Finally, m the least active states of the Pd tube, 
the P against curves were linear (Fig. 4). 


(5) Rate-Controlling Phase-boundary Processes 

Among the possible rate-controlling phase-boundary processes one may 
include the following : 

(i) an adsorbed atom enters the crystal lattice. 

Rate = k^Ox . . . • (12) 

where 6 ^ is the fraction of the surface covered by adsorbed atoms, Ni and 


** Rcfp II, p, 178 fit seq. Also Baxrer, Phil. Mag., 1939, (7) a8, 353. 
* Geserated, for example, at the metal surhices by electrolysis. 
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have the same significance as previously (eqn. (7) and (8)) and ki is a rate 
constant; 

(ii) a (fissolved atom re-enters the surface. 


Rate = (i — 0 i); . . . . (13) 

(iii) a molecule strikes the surface and is adsorbed as atoms, 

Rate = Aj^h, (i — 0 i)® .... (14) 

where pu, denotes the hydrogen pressure ; 

(iv) two adsorbed atoms evaporate as a molecule. 

Rate = ft* 01;.(15) 

(v) a molecule strikes the surface, one atom being adsorbed and the 
other dissolved. 

Rate ==ftj^H,(i-00(^1-^); ■ . . (16) 


(vi) a dissolved atom combiaes with an adsorbed atom and evaporates 
as a molecule. 

Rate = • • • • (17) 

Barrer ^ first completely defined the steady-state permeation velocity in 
terms of all six of the above processes, and of the intracrystalline diffusion 
occurring simultaneously. Earlier treatments by Smithells and Ransley 
and by Wang are madequate as they do not correctly formulate processes 
(i) and (v). It was also shown ^ that the concentrations of dissolved gas 
at the interfaces will, when phase-boundary processes are rate-controlling, 
be very different from their equilibrium vines, and the concentration 

Q _ ^ 

gradient —~—- across the membrane becomes correspondingly very small. 


That is, the concentrations Co and Ci just within the ingoing and outgoing 
surfaces of the membrane respectivdy tend to become equal, Co being less 
than its equilibrium value and Ci greater than this value (cp. Section 4). 

Moreover, it may well happen as a result of slow surface processes that even 
for pressures of 100 atm. or more on the ingoing side of the membrane, 
Co — Cl may remain quite small, and so may the individual values of Co 
and Cz. Then the permeation rate may remain proportional to even when 
at high pressures. This explanation has been offered for the results of 
Smithells and Ransley on the high pressure permeation velocity of hydrogen 
through nickel.^® 


(6) Concentration Dependence of the Interstitial Diffusion Coefficient 


The chance that the necessary sorption site adjacent to a given inter¬ 
stitial atom is vacant, so that a unit diffusion process may occur, is 

= I — 0 . Thus, in an ideal interstitial solution 

D = Z)i(i~e).(18) 

For a hydrogen “ alloy " to which eqn. (6) applies, the above expression 
becomes 


^■-z + KWPbJC, ‘ ' ■ 

This concentration dependence of D means that the equation 


- {19) 


ia 



*« Smithells and Ransley, Proc. Roy, Soa. A, 1936, 157, 29a. 

Wang, Proc, Camb, Phil, Soe,, 3a» 657 * 

•« Barrer, Trans, Faraday Soc„ 1941, 37, 590. 
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d iD^c\ 

for diSusion in tlie metal must be replaced ^ ^ A combined 

study of steady-state flow and of sorption isotherm data may give both 
and the concentration dependence of D for any kind of diftusion S3rstem.®® ♦ 
Measurements of interstitial flow of gases in metals which treat this aspect 
of diffusion are lacking. However in an analogous study of diffusion in a 
zeolite,®^ D was showm to decrease in direct proportion as the interstitial 
concentration of the sorbate increased (cp. eqn. (i8)), over a range of con¬ 
centration values.t 

Data of Wells and Mehl for the diffusion of carbon in y-iron do not con¬ 
form to the foregoing model for an ideal interstitial diffusion. They found 

D = Do exp ^cm.^sec."^ 
with Do = 0*07 (i -f 0-87 X %C). 

It is seen that D increases with increasing carbon content. However, 
departure from the simple theory is not surprising because the radius ratio 
C/Fe is about o*6, on the limit for the formation of interstitial solutions. 
Two phases occur: carbon in cubic close-packed y-iron (austenite), and 
carbon in body-centred cubic a-iron (ferrite). The limits of solubility are 
soon exceeded and then carbides such as cementite separate. Moreover in 
martensite, a supersaturated interstitial solid solution of carbon in a-iron, 
the cubic cell of the parent metal is deformed to a tetragonal one. Thus 
the system is complex and the interstitial structures are non-ideal in the 
sense that the parent lattice cannot readily accommodate the interstitial 
atom, and becomes increasingly distorted as the carbon content rises. 

(7) Diffusion in the Presence of Impurity Elements 

]Many metals contain, in finished or intermediate states, traces of additional 
elements. These may have profound effects upon physical and chemical 
properties of the metal, including the diffusion of other elements within 
the metal. Little sj-stematic study has been made of the influence of 
impurities on diffusion although some of the available information has been 
discussed.®® Intra-metaJlic diffusion of an element may be accelerated or 
retarded by impuritj’^: nitriding of iron occurs more rapidly when small 
amounts of oxygen are contained in the iron ; nitriding the surface of steel 
in its turn accelerates the diffusion of hydrogen into the metal. On the 
other hand, increasing the carbon content of iron greatly decreases the 
rate at which sulphur penetrates the metal. Carbon retards also the rate 
at which phosphorus diffuses into iron. 

The above more complex processes are only in part examples of inter¬ 
stitial diffusion. They may also typify diffusion in multi-component sj^tems 
which, although of obvious importance, has not yet received much attention 
either in theory or experiment. In a three-component system involving 
elements A, B and C, diffusion of B may occur from the phase (A + B) to 
the phase (A B -j- C) if the chemical potential of B in the three component 


Barter, Proc, Physic. Soc., 1946, 58, 321. 

See e.g., Barter, J. See. Dyers Col. (Symposium on Fibrous Proteins, 1946), p. loS. 
** Barrer and Riley, J. Ckem, Soc., 194B, 133. 

•* Traris. Amer. Insl. Min. Met. Eng., 1940, Tecb. Publ. No. tiSo. 

•* Ref, XI, p. 234 ei seq. 

* In the transiexit state of flow, a graphical procedure is also available for determining 
these properties.*® 

In Ihe zeolite, slow surface reactions do not interfere with free difiusion. 
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phase is less than that in the two component one, even if the concentration 
of B is less in (A + B + C) than in (A -|- B). That is, diffusion may occur 
up as well as down a concentration gradient.®® Thus the gradient in chemical 

potentiaJ, rather than the concentration gradient, —, provides the driving 

force in diffusion. The diffusion equation then becomes 

he h 


ht 


-u 




( 20 ) 


hfl 


because the force on each particle is proportional to and so on aU the 

particles to c^. The additional relationship h/i = RT^ln a, where a denotes 
the activity, then gives 

he h rDcRT hal h hal , , 

A recent investigation has been made of diffusion of copper both up and 
down concentration gradients in the ternary alloy Cu4FeNi8.®^ The alloy 
disproportionates below 800® c. to give two phases in which the relative 
proportions of iron to nickel remain unchanged but the proportions of copper 
alter, to give layers of each phase alternatively. Despite difficulties of 
interpretation some progress was made, and a general empirical equation 
advanced to describe diffusion either up or down gradients of concentration : 

= D .... (22) 


ht 


hx^ 


where denotes the equilibrium concentration. This expression is com¬ 
patible with eqn. {21) on making (ce — c) oc a, and DocD^ but further assum¬ 
ing D independent of x or a. The alloy corresponds of course to a substitutive 
rather than an interstitial solution. 


Summary 

Some equilibrium and kinetic aspects of mterstitial solid solutions have been exammed. 
Conditions for forming such phases have been discussed, and a possible interpretation 
of the hardness and inertness of certain of these phases has been given in terms of a 
theory of the metallic bond due to Pauling. In many of these phases the number of 
contacts made by a metal atom rises above X2 to 16, 18 or 20, and all such contacts must 
be regarded as potentially bond-forming. Electrons forming these bonds resonate 
among the atoms forming them, inertness bemg associated m part -with resonance 
energy, and hardness with the high co-ordination number. The change from para¬ 
magnetic pure metal to non-paramagnetic interstitial solution (e.g., Pd Ho.e) follows 
from the theory. 

Interstitial sorption equihbrium between gases and metals has been briefly reviewed, 
with particular reference to hydrogen "alloys.” The entropy of occlusion may be 
a useful guide as to the mobility of the interstitial atoms, although the spacing of the 
entropy levels corresponding to diflerent degrees of translational freedom of the occluded 
atom or molecule is less tlSm previously considered. 

Diflusion into metallic interstices may be governed tn tempo by slow surface reactions, 
the nature of which is indicated. The diflusion coefi&cient is, in any case, dependent 
upon the interstitial concentration of sorbate, so that the usual equation for transient 

flow must be generalised to ^=-5^ Xhe occurrence of diflusion both up and 

^ ht hx hx . he h iDha) 

down concentration gradients involves a further generalisation to rr =* rir 
(a = activity). ^ hx hx 


The Chemistry DepartmetU, 

Bedford Collie {fJniversity of London), 
Regent*s Park, NJW.z, 


*4 Daniel, Proe, Roy. Soe. A, 194S, 198, 575. 



KINETICS OF NITROGEN EVOLUTION FROM AN 
IRON-NITROGEN INTERSTITIAL ALLOY 

By Sir Charles Goodeve and K. H. Jack 
Received 2 'jth July, 1948 

During recent years an intimate knowledge has been gained of the detailed 
mechanism by which reactions proceed in gases and solutions. Studies of 
reactions inside the solid phase or on its surface have not met with such 
success, largely because it has not been possible to isolate a single reaction 
from a number of consecutive ones, or because the product of the reaction 
has introduced the complication of a new phase. In the course of work by 
one of us (K.HJ.) to ducidate the structures of the iron nitrides, a par¬ 
ticularly simple reaction has been found—^the evolution of nitrogen from 
e-iron nitride. The simplidty of this reaction arises from the fact that there 
is no substantial change in the structure of the solid phase accompanying 
the loss of nitrogen over the range studied. 

The iron-atom arrangement of the e-phase of the iron-nitrogen S37stem 
(see Fig. i) is close-packed hexagonal with the nitrogen atoms occupying 
certain of the octahedral interstices in an ordered manner. The phase has 
a relatively wide range of homogeneity from 35-5 N atoms to 49-3 N atoms 
per 100 Fe atoms at 400® c., i.e., approximately from Fe^N to FegN.* On 
thermal decomposition in vacuo or in an inert atmosphere the interstitial 
atoms are eliminated as molecular nitrogen, and in the temperature region, 
350-500° c., studied in the present investigation a lower nitride, the face- 
centred cubic y'-phase (“ Fe4N," 24-i-25*8 N atoms/ioo Fe atoms) is formed. 
The y'-phase decomposes above 400° c. giving the body-centred cubic a-phase 
containing about 0*4 N atoms/ioo Fe atoms. The !^-phase (49*5 to 50*8 
N atoms/ioo Fe atoms) is not included in either of the accepted phase 
diagrams ^ ® but its existence has recently been confirmed.® The iron atoms 
in Xr retain their same relative positions as in the s-phase and are therefore 
in approximately close-packed hexagonal array, but, due to a rearrangement 
of the nitrogen atoms, the iron-atom lattice is anisotropically distorted. 
The same type of interstice is occupied in both s and ^ so that the difference 
between the phases may be regarded as a second-order one and can be 
ignored for present purposes. 

Elimination of nitrogen atoms within the limits of the and s-phases 
(50-8 to 35*5 N atoms/ioo Fe atoms) is accompanied by a gradual reduction 
of the unit-cell dimensions, the totil of which, however, is only about 2 %, 
and since the relative positions of the iron atoms remain unaltered, tlds 
evolution of nitrogen is an example of the general reaction 

solid -> solid -f gas . . . . (i) 

in which one of the complicating factors, the solid-phase change, is absent. 

^ Exsenhut and Kaupp, Z, Elehtrochem., 1930, 36, 392, 

* Lehrer, Z, Elektrochem, 1930, 36, 383, 460. 

• Jack, Proc, Roy. Soo. A (in press). 

* Compositions of interstitial alloys are esi^ressed in this paper as the number of 
interstitial atoms per 100 metal atoms rather than by weight or atomic per cent, or by 
stoichiometric formulae. 
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The decomposition involves the successive processes: 

(i) lattice diffusion of interstitial nitrogen atoms to " exposed " positions 
at &e solid-gas interface, 

(li) combination of nitrogen atoms at the sohd surface to give adsorbed 
mtrogen molecules, 

(ui) desorption of nitrogen molecules. 

The velocity of the reaction as a whole is determined by the velocity of the 
slowest of these three processes. 

When s- or ^-iron nitrides are heated at temperatures below 500® c. 
in carbon monoxide, it has already been shown * that almost three-quarters 
of the original nitrogen atoms are gradually and isomorphously replaced by 



Fig I —^Iron-mtrogen system 

carbon atoms with only minor dimensional changes in crystal structure. 
The nitrogen is evolved mainly as nitrogen molecules and partly (not more 
than 25 %) as cyanogen. This reaction enables the elimination of mtrogen 
from iron nitrides to be followed kmeticaily down to much lower mtrogen 
concentrations than in the ordinary thermal decomposition, again without 
any compHcating solid-phase change. 

In a hydrogen atmosphere, nitrogen is eliminated from an iron nitride at 
temperatures from 250° c. to 450® c. entirely as ammonia. 

By comparing the rates of denitriding of e-iron nitrides in vacuo, in nitro¬ 
gen, in carbon monoxide and in hydrogen, together with X-ray evidence, 
file nature of the rate-determining process in each of these reactions is 
deduced. Moreover, by applying simple calculations of the type already 
discussed by one of us,* the actual mechanism of denitriding is deduced. 

Experimental 

Homogeneous iron nitride powders (samples A, B, C, D, E, X, Y and Z) 
with nitrogen concentrations near the upper limit of file e-phase were prepared 

* Goodeve, This Discussion. 
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by passing anhydrous ammonia over iron powder (99*9 % pure ; less than 300 
mesh) at 400® c , 450° c. and 500° c. at such a rate that the partial pressure of 
hydrogen was neghgible.** ^Microscopic examination showed that particles of 
nitride prepared in this way were approximately spherical with diameters closely 
grouped around 4 x io~* cm. 

In order to follow the thermal decomposition of the nitride, about o-5g of 
sample contained in a silica boat was placed in the water-cooled end of the silica 
reaction tube, the centre portion of which "ivas maintained Avithm ±2® c. of 
the required reaction temperature. The system was evacuated, and, after 
standing for at least 12 hr. to ensure absence of leaks, the boat and its contents 
were moved into the heated zone of the reaction tube by means of a magnetic 



Fig. 2,—^Decompositioii of s-Iroa nitride at 350® c. and 400® c. 


device. Nitrogen pressures were observed at intervals on a mercury manometer 
and were assumed to be directly proportional to the amount of nitrogen evolved 
from the specimen. Decomposition was stopped at any desired stage by with¬ 
drawing the boat into the cooled end of the reaction tube. The total evolved 
nitrogen, calculated from Kjeldahl estimations of initial and final nitrides, w^as 
found to be equal to the loss in weight of the specimen. 

The rate of denitridmg in hydrogen was followed by circulating pure hydrogen 
at 60 l./hr, over the nitride. The ammonia formed in the reaction 

2N (interstitial) + 3!!^ aNH# . . • (2) 

was condensed in liquid oxygen-cooled traps inserted in the system and hydrogen 
was continuously added from a gas burette to main tain the pressure at its initial 
value. As^own inTa.ble II, the evolved nitrogen, again obtained from analsriacal 
results and loss in wreight of the specunen, was found to be equal to that calcu¬ 
lated according to eqn. (2) from the volume of hydrogen reacted. The nitrogen 
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must therefore be evolved entirely as ammonia and thus the rate of addition of 
hydrogen wets proportioned to the rate of denitriding. The apparatus used for 
deter m i nin g the rate of repleicement of nitrogen by carbon in iron nitrides was 
similar to that used for denitriding in hydrogen. Details of the method are given 
elsewhere.* X-ray powder photographs were taken with crj-stal monochromatised 
Fe Kcc radiation in a 9 cm. Bradley camera. 

Results 

The broken curves of Fig. 2 and 3 correspond with the left-hand scale and 
show representative results for the decomposition in vacuo at 350° c., 400® c., 
450® c. and 500® c. of e-iron nitride powder specimens A, B, C, D and E, all 
with initial nitrogen concentrations near the upper limit of the phase By 



** decomposition in vacuo ” it is meant that evolution of nitrogen begins in vacuo 
but that, as the reaction proceeds, a pressure of molecular nitrogen builds up 
which in the experiments described was about 20 mm. Hg at the lower limit 
of the e-phase. This lower phase limit is indicated in Fig. 2 and 3 by a double 
bar. The full curves, corresponding with the right-hand scale, show ttiat within 

experimental error there is a linear relationship between and the time ; 

a is the initial interstitial nitrogen concentration and {a — x) the concentration 
after a time /. Because of the relatively small variation in interstitial nitrogen 
concentration, it is insufficient to conclude from this observation alone that 
the rate of denitriding is given by a second-order kinetic equation. However, 
by comparing run Y with runs Ci, C2, C3 and C4 (see Fig. 2) and also run Z with 
run Di (see Fig. 4), it is clear that the rates of denitriding in vacuo at 400® c. 
and 450® c, are the same as the rates of elimination of nitrogen at these tem¬ 
peratures from iron nitrides carburised in carbon monoxide. It has already been 
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sho^vTi ® from difterent and more extensive experimental data that the rate of 
replacement of nitrogen by carbon is given by a kinetic equation of the second 
order with respect to the interstitial nitrogen concentration. The rate of 
denitriding in vacuo is also the same as that in an atmosphere of molecular 
nitrogen at 764 mm. Hg pressure. 

Summarising, it is seen that the denitriding of s-iron nitride proceeds at the 
same rate in vacuo, in nitrogen, and in carbon monoxide, so that the rate- 
controlling process is probably the same in each case. 

Although there is fair agreement between separate experiments in which the 
same starting material is used (e.g , Ci, C2, C3 and C4 ; Fig. 2), there are approx- 
able diherences in the rates of reaction at the same temperature for initial nitride 



Fig. 4.—^Evolution of nitrogen from e-iron nitride at 450® c. by carburising with 
carbon monoxide and b^^ decomposition in vacuo, 

specimens prepared under difterent conditions (e.g , Di and Ei; Fig. 3). This, 
perhaps is a preliminary indication that the condition of the solid smriace is an 
important factor in the rate-determining process. 

Table I summarises the results obtained for denitriding in vacuo, in nitrogen 
and in carbon monoxide ; k, the second-order velocity constant is given in units 
of (N atoms/ioo Fe atoms)min.-^. 

TABLE I 

Denitriding vacuo, in Nitrogen and in Carbon Monoxide 


In vacuo In Ng 1 In CO 

^ _ __ A 


Run . . 1 

A 

Bi 

Ci 

C2 

C3 

C4 

Di 

Ei 


E2 

1 


Xi 

X2 

Z 

Temperature 1 
® c. ' 


400 

400 

400 

450 

450 

1 

500 

1 -1 

450 

400 

450 

450 

450 

Gas pressure, 
mm. Hg 

1 _ 

— 

— 

— 

— 

— 

— 

( 

1 764 

744 

381 

z88 

760 

k X lo'f 

6*46 51-9 

Z12 

103 

852 

433 5640 

1 536 

1 130 

34 «> 

363 

720 


Rates of denitriding in hydrogen were too rapid at 400® c. and 450° c. to be 
followed through their successive stages, but average rates of reaction within the 
limite of the e-phase at 250® c„ 300® c. and 350® c. axe given in Table II. Without 
considering the order of this reaction it is clear that the rate of denitriding in 
hydrogen is about 10* tunes as rapid as denitriding in vacuo. In hydrogen. 
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the gaseous reaction product is ammonia, the formation of which does not 
require the combination of two nitrogen atoms as in ordinary thermal decom¬ 
position. It seems probable, therefore, that the relative slowness of nitrogen 
elimination from the nitride in vacuo, or in molecular nitrogen, or in carbon 
monoxide, is a consequence of the slow rate of combination of pairs of nitrogen 
atoms at the solid surface. The movement of nitrogen atoms from the interior 
of the crystal lattice to the surface must be at least ten thousand times as fast 
during denitriding in hydrogen as during denitriding in vacuo. Thus, if we assume 
difiusion to be tiie rate-determining process in the former case it would be 
sufficiently rapid in the latter case for it not to be rate determining. 


TABLE II 

Denitriding in Hydrogen 


Run 

. 

Hi 

H2 

H 3 

H 4 

H 5 

H 7 

H8 

H9 Hio 

Temperature, ® 

c. . . . 

1 450 

400 

300 

250 

350 

300 

350 

350 

250 

Hydrogen pressure, mm. Hg . j 

756 

734 

767 

769 

769 

127 

383 

192 

382 

Initial rate of reaction (N atoms/ 1 
roo Fe atoms) /min. . . | 

A 


5*7 

2-5 

15-7 

1*6 

4-1 

2*3 

0*4 

Weight loss, g. x io« . . . | 

— 

54 

43 

38 

41 

II 

39 

— 

— 


(i) chemical ana¬ 
lysis 

65 

54 

43 

38 

41 

9 

39 

48 

23 

nitrogen 

evolved 

(ii) from volume 
of hydro¬ 
gen reacted 

1 

' 66 

1 

53 

43 

36 

40 

9 

38 

47 

21 


" Reaction too rapid to be followed. 


The X-ray photograph of the ^e-nitride at each successive stage of decomposition 
hi vacuo and in nitrogen shows a homogeneous solid phase with no appreciable 
line-broadening. The interstitial nitrogen concentration must therefore be 
almost constant throughout the iron-atom lattice. This absence of any marked 
concentration gradient again indicates that atomic diltusion is much more rapid 
than the slowest rate-determining process. From photographs published else¬ 
where * the same conclusion is reached in the replacement of nitrogen by carbon. 

The rate of decomposition in vacuo increases rapidly with increasing tem¬ 
perature, and as shown by Fig. 5, the plot of log ft against ijT is approximately 
linear. Using the method of least squares to obtain the most probable value for 
the gradient of the graph, application of the Arrhenius equation gives a value 
of 42,100 ± 1400 cal. for the experimental activation energy, E. 

Discussion 

It is clear that the rate-determining process, with which is associated a 
high energy of activation, is the same in vacuo, in molecular nitrogen and in 
carbon monoxide, but is not the diffusion of nitrogen atoms from inside the 
crystal to the solid-gas interface. 

Even in hydrogen, where denitiiding occurs about 10* times as rapidly 
as in thermi decomposition, the diffusion process is not the sole rate¬ 
determining factor since variations in the hydrogen pressure have a marked 
effect upon the reaction rate. 

Denitriding m vacuo ; the Mechanism of the Suirface Reaction.— 
If it is assumed that the rate-determining process in the thermal decomposi¬ 
tion of fi-iron nitride at 35o°-5oo° c. is the combination of nitrogen atoms at 
the solid surface, 

- (3) 


2 N (interstitial) -> N„ 
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then the experimental observation that the reaction is of the second order 
with respect to the interstitial nitrogen concentration is explained. It 
follows that, in making this assumption, we identify the experimental 
activation energy E with the process given by eqn. (3). In view of our 
knowledge of the cr3r5tal structure of the solid phase it appears worth while 
to go farther than this and to attempt to picture the actual mechanism of 
the reaction. 

If a model of a crj^stal of s-iron nitride at its upper limit of homogeneity 
is broken in various ways, it is found that one nitrogen atom should be on, 
or freely accessible to, the surface for about every four iron atoms; i.e., there 
is one nitrogen atom for every 26 A.^ of surface area. These atoms wiU osdllate 



Fig. 5 —Variaticaa witli temperature of velocity constant k for the evolution of nitrogen 

from S'ixon nitride. 

in their depressions or holes and will jump from one hole to another when 
they receive enough energy. They do this relatively freely inside the crystal 
lattice and therefore it is reasonable to assume that they will do so even 
more freely on the surface. How'ever, since there is a strong tendency for 
nitrogen atoms in iron nitrides to keep as far apart as possible, we know that 
there is a repulsive force between them which is turned into an attractive 
force only at distances close enough to form the triple bond of the nitrogen 
molecule, N^. In other words, there is an energy barrier opposing an attempt 
of one nitrogen atom to jump into a hole already occupied by another 
nitrogen atom. The distaince between a pair of nitrogen atoms must be 
reduced from about 5 A. to about 1-5 a. before their mutual repulsion changes 
to a mutual attraction. During the approach of two nitrogen atoms, the 
energy barrier which must be surmounted should be substantial, but not as 
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prohibitively high as it presumably is inside the crystal. It may be possible 
at some future date to estimate the height of this energy barrier from the 
forces required to remove the two atoms far enough from the surface of the 
iron and close enough together to form the N2 molecule. At all events the 
identification of an activation energy of 42,100 cal./g, mol. with the process 
given by eqn. (3) is not incompatible with our existing knowledge of these 
forces. It seems reasonable to assume that the peak of the energy barrier 
lies at a N-N distance of 1*5 a., i.e., about 50 % more than the N~N distance 
in Ng. 

The major assumption which it is proposed to make is that the number 
of attempts that a particular nitrogen atom makes to surmount this barrier 
(i.e., the number of collisions, ZJ can be calculated by assuming th at it travels 

about the surface with its average thermal velocity, c = 

justification of this assumption lies in the hypothesis that, while its net rate 
of travel is reduced by the fact that it performs a number of oscillations in 
each hole before it moves on, when it reaches a hole adjacent to the barrier 
these same oscillations amount to a compensating increase in the number 
of attempts to surmount the barrier while it remains in that hole. The same 
assumption has been made in appl3dng, with considerable success, the laws 
of collision frequency in gases to reactions in solution.® 

If, as in ordinary gas kinetics theory, we give all the diameter to the 
moving atom and consider the others as points, then this atom will sweep 
out in one second an area equal to c times the \vidth of the energy barrier, zer. 
In doing this it will collide with cwn atoms of nitrogen, where n is the number 
of atoms per cm.® of surface. If W is the total number of nitrogen atoms on 

the surface of the nitride particle, the total number of collisions is 
As e of these are successful, then the rate is 

JR? 

Z = —-— . e molecules Ng per particle per second. 

The rate of evolution of nitrogen atoms per 100 iron atoms per second 
is thus 



-E 

Ncwn . 10® rT 
~ A 

where A is the number of iron atoms in the nitride particle. 

The appropriate value to take for w may be open to question, but it 
seems reasonable to take it at the peak of the barrier as we are only interested 
in those collisions which are successful, i.e., a’ = 3A. 

From the known structure of s-nitride at its upper homogeneity limit, 
and from the observed particle diameter, N, 71 and A are known. At 450® c., 

? = 1-05 X 10® cm./sec. 

N = x-g X 10® 

« = 3-8 X 10^* 

^ = 2-3 X 10^®. 

Thus, r45o“ c* == (o*7 to 4-3) x lo*^ with a most probable value of 1*8 X lo** 
N atoms/ioo Fe atoms/sec. 

* Hinahelwood, The KtneHcs of Chemical Change (Oxford, 194^), p. 17 
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The observed initial rates of reaction at 450® c., given by the graphs of 
runs Di and Ei (Fig. 3) and also calculated from the velocity constants, are : 

Di; 3*4 X io“® (N atoms/ioo Fe atoms) /sec. 

Ei; 17 X 10'® (N atoms/ioo Fe atoms) /sec. 

Similar agreements are, of course, obtained at the other temperatures. 

The a^eement must be considered as largely coincidental in view of the 
assumptions made, but, in this kind of calculation, agreement within a factor 
10 is considered significant and any other reasonable values of the quantities 
involved viU not bring the agreement outside this range. 

^ It might be argued that the rate-determining process could be the desoip- 
tion of nitrogen from an activated adsorbed complex to the gaseous state. 
Suitable choice of equilibrium constants in the adsorbed layer might provide 
equally good agreement between theory and experiment. However, such a 
mechanism would require the existence of an adsorbed complex held to the 
crystal lattice by 42,100 cal./g. mol., i.e., something between van der Waals* 
forces and the binding forces between the iron and nitrogen atoms. The 
complexity of such a mechanism and the quantitative agreement of the 
simple recombination mechanism argue against a desorption theory. 

Denitriding in Nitrogen and in Carbon Monoxide.—^The absolute 
reaction rates for denitriding in nitrogen and in carbon monoxide are the 
same, wthin experimental error, as those for denitriding in vacuo so that 
the reaction mechanisms are verj^ probably the same. 

Dissociation pressures of iron nitrides are of the order of 4 x 10^ atm. 
so that the S57stem is far from thennod5mamic equilibrium. It is not sur- 
pming then that variations from o to 760 mm. Hg in the pressure of molecular 
nitrogen have no effect upon the reaction rate. 

In carburising s-iron nitrides, reducing the pressure of carbon monoxide 
from 760 to 188 mm. Hg has no great effect upon the reaction rate. Again 
this fact is explicable if the rate-determining process is the combination of 
pairs of nitrogen atoms at the solid surface. In addition to the formation of 
N2 molecules, however, an almost constant proportion (25 %) of the elimin¬ 
ated nitrogen appears to be evolved at 450® c. as cyanogen. The constancy 
of the 3/1 ratio of formation of nitrogen and cyanogen suggests that they 
axe products of simultaneous side reactions. 

Denitriding in Hydrogen.—Engelhardt and Wagner ® concluded that in 
the reaction 

N (dissolved in a-iron) + ~ Hg (gas) -> NH3 (gas) . . (4) 

the rate was given by jrjjn 

and that the rate-determining process was not the diffusion of nitrogen to the 
surface, but was the reaction, 

N (dissolved in a-Fe) + Hg NHg (adsorbed) . . (5) 

occurring at the iron-gas interface. 

In denitriding a-iron nitride with hydxc^en the results given in Table II 
show that the initial reaction rate varies with the hydrogen pressure but does 
not appear to be directly proportional to it. The experimental activation 
energy, calculated from the initial reaction rates of runs H3, H4 and H5 
at 300®, 230° and 350® c. respectively, is about 12,000 cal. If it is assumed 
that NHg is formed by dire^ collision of hydrogen molecules from the gas 
phase with nitrogen atoms on the surface, then, using the above value for 

• Engelhardt and Wagner. Z, physik. Chem. B, 1932, 18. 369. 
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the activation ener^ of this supposed rate-determining process, the calcu¬ 
lated reaction rate is about 10® times the observed velocity. 

Alternatively, if it is assumed that the reaction occurs in the stages 

(i) N (at the solid surface) + H (adsorbed) NH (adsorbed) . (6) 

(ii) NH (adsorbed) -1- Hg (gas) NH3.(7) 

with the former as rate detemiining, then the fraction of the surface covered 
by adsorbed hydrogen atoms must be not more than io“® in order to obtain 
reasonable agreement between observed and calculated rates of reaction. 

X-ray evidence, however, indicates that the diffusion process in denitriding 
with hydrogen is rate determining to some extent. A photograph of the 
product Hio (ii*3 N atoms/ioo Fe atoms) showed the presence of e-, y*- 
and a-phases which cannot co-exist in equilibrium at any temperature. 
The concentration gradient in the a-phase is much smaller than in y'- or e-, 
so that we might expect diffusion processes to be rate determining towards 
the final stages of reaction, if not in the earlier stages. The rates of phase 
changes at these low temperatures may be equally important. 

It must be concluded that the reaction of hydrogen with iron nitrides is 
apparently too complex for its absolute velocity to be predicted from any 
simple rate-determining mechanism. 

The authors wish to thank Prof. Sir Lawrence Bragg for providing facilities 
for one of us (K.H. J.) at the Cavendish Laboratory, Cambridge. 


Summary 

The rate of nitrogen evolution from e-iron nitride at 33o°-500® c. is given by a kinetic 
^uation of the second order with respect to the interstitial nitrogen concentration and 
is associated with an activation energy of 42,100 ± 1400 cal.'g. mol. The velocity of 
diffusion of the nitrogen atoms to the surface is at least 10^ times as rapid as the rate- 
determining process. The rate-controllmg stage of the reaction is considered to be the 
combination of pairs of nitrogen atoms at the solid surface. By calculating the collision 
frequency on the assumption that this surface reaction behaves as in a two-dimensional 
gas, the correct order of magnitude for the absolute reaction rate is predicted. 

The Crystallographic Laboratory^ BJ,S.RA., 

The Cavendish Laboratory, ii, Park Lane, 

Cambridge, London, W,x. 


NOTES ON THE EXPERIMENTAL TECHNIQUE OF SOME 
PHYSICO-CHEMICAL MEASUREMENTS BETWEEN 
1000 ° AND 2000 ° C. 

By J. A. Kitchener and J. O'M. Bockris 
Received 24th June, 1948 

Although information exists in the literature regarding the special 
materials, apparatus and methods of research of use at temperatures above 
1000° c., it has been the experience of the present authors in undertaking work 
in this field that an extensive search and enquiry is needed to decide on a 
reliable experimental technique suitable for a given problem. The restrictions 
imposed by the refractory materials form the chief obstacles to the study of 
the physical chemistry of phenomena at high temperatures. The production, 
conhol and measurement of the temperature also present specM problems 
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in some cases, because not all of the varied methods reported in the literature 
are of value to the physical chemist. 

It seems therefore that a critical review of the scope and limtations of 
some of the techniques which have been found suitable for physico-chemical 
work at temperatures in the range of 1000° c. to 2000° c. might be useful 
to other workers entering the field. The following notes are based partly 
on original observations and techniques and partly on information collected 
from various sources \\'hich have been tested by, and proved of value to, 
the present authors. 

Since high temperature work is closely dependent on the refractories 
available, it should be pointed out that these notes apply particularly to 
methods which are practicable in Britain at present. The scope of high 
temperature research may extend considerably when better refractories 
become readily available and in this connection it appears that resea.rch 
on the so-called super-refractories (e.g., boron nitride) is urgently needed. 

I. Furnaces 

(i) Furnaces for Physico-chemical Research in the Temperature 
Rsmge 1000 °- 2000 ° c. Temperatures up to 2000° c. may be produced in several 
ways, few of which are suitable for physico-chemical measurements. For this 
purpose, it is generally necessary to have (a) a uniform temperature zone, (6) a 
controlled atmosphere and (c) means of regulating and reproducing the tem¬ 
perature to withm narrow limits. Consequently, although serviceable in certain 
cases, gas heating ^ (with or without oxygen), carbon tube or spiral,® or carbon 
granule electric furnaces,® carborundum rod heaters,® or electric arcs* are not 
generally useful as they fall short of the three general requirements in one 
way or another. 

The most versatile and useful methods of heating are by means oi high frequency 
induction or by resistance vires or strips. High frequency heating is the most 
suitable method where a moderate mass of metal is to be melted or where a 
crucible of graphite or metal can be used, since the refractory problem is reduced 
to a minimum, only the substance under examination and its container being 
raised to the highest temperature. The temperature can also be controlled 
readily, and, in the case of molten metals, the stirring caused by eddy currents 
aids attainment of uniform conditions. High frequency heating has been used 
successfully, for example, in cases where the rapid quenching following inter¬ 
ruption of the high frequency current w^as desirable.* Unfortunately, the 
auxiliary apparatus required to generate high frequency currents with sufficient 
power is large and expensive although oscillators which can be made in the 
laboratory have been described.’ 

Heating by resistance wires fulfils all the requirements suggested above and 
is within the means of most laboratories. Nichrome, which is commonly used for 
lower temperatures owing to its low temperature coefficient of resistance, is not 
serviceable above noo® c. ; pure nickel (m.p. 1450° c.) is available for use in 
the absence of oxygen. Resistance furnaces wound with platinum are exten¬ 
sively used for temperatures up to about 1500® c. The m.p. of pure platinum 
is 1750° c. but plathium furnaces may not be used at temperatures much higher 
than 1500® c. owing to the rapid evaporation of platinum, which becomes serious 
at 1600® c.^ The high cost is the chief disadvantage in this case, as it is, 
a fortiori, with rhodium (m.p. i960® c.) which wrould oQierwise have considerable 
potentialities as a resistance wire. 

* e.g., Outhaid, Gas Worlds zaa. No. 3155. 

® Arsem, Amer, Electrochem. Soc. Trans., 1906, 9, 153. Atldns, Kramers, Pirani 
and Weil, Coal Res., Dec., 1946, Appendix i. 

® Pirani^ Coal Res., 1944, 61. 

* e.g., Heyroth, t/.S. Pat. 2,319,323, 1943. 

* Balajiva, Quarrel and Vajragupta, J. Iron Steel Inst. (Advance Copy, 1946); 

(No. 34/1946 of the Ingot Comm.). 

* Cnipman Ta Li, Trans. Amer. Inst. Met., 1937, as, 425. 

® Aitcfaison, J. Set. Instr., 1948, 25, 136. 
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The most useful resistance v^ire is molybdenum (m.p. 2620° c.). Tungsten 
is more refractory (m.p. 3200° c ) and is, therefore, to be preferred for tem¬ 
peratures above 2000° c. but it is less easily wound on refractory tubes. Both 
these metals suffer from the disadvantage that they must be used in a reducing 
atmosphere. However, this involves little difficulty m furnace design and the 
cheapness and availabihty of molybdenum makes it preferable to platinum even 
for the lower temperature range, the molybdenum furnace being limited at the 
upper temperature range chiefly by the properties of the refractory tube on 
which the heating element is wound. 

( 11 ) Advantages and Practical Aspects of Molybdenum Resistance 
Furnaces. Advantage attaching to molybdenum resistance furnaces over other 
types of electnc furnaces can be summarised as follows: 

1. No characteristic shape or size of the hot zone is necessary. Several 
different refractory materials are inert to molybdenum in appropriate atmospheres 
even at very high temperatures (e.g., zirconia, beryllia, alumma, muUite). 

2. Molybdenum furnaces are comparatively easily constructed. 

3. A uniform temperature zone is relatively easily obtained, e.g., by wmding 
the tube more closely at the ends than in the middle. For a uniformity of 
temperature of dz5° c. at 1650° c. over a length of 2^, the ratio of length to 
diameter of the furnace must be about lo/i for a uniformly wound wire.® 

4. Temperatures in excess of 2000® c. can be reached with molybdenum windings. 

5. Molybdenum furnace windings in a controlled atmosphere have a parti¬ 
cularly long life : they are seldom the limiting factor in the life of a furnace tube. 

6. The temperature control is easier than with other tj-pes of furnaces. Control 
is particularly rapid in the case of the open grid type of winding described later 
where the temperature changes in the crucible chamber follow almost immediate^ 
upon alteration in transformer voltage. As there is negligible deterioration of the 
molybdenum or tungsten, temperature-current characteristics remain approxi¬ 
mately constant, which facilitates the initial adjustment of the power necessary 
to produce a given temperature. 

Simple molybdenum furnaces can be made easily in the laboratory and one 
type Ihus made is described elsewhere in this Discussion.® The molybdenum is 
w’ound, preferably in strip ♦ form, on a refractory tube. The use of strip is 
preferable to that of -wire as it gives a greater heating surface area for a given 
cross-section and can be w’ound more uniformly. The strip may be secured 
at the ends by another turn of molybdenum wire, treble leads being used to 
connect the wmdings to the terminals, and the winding is then coated with a 
cement consisting of pure alumina pow'der mixed with some organic binder. 
The purpose of the cement is to insulate the turns and to give protection against 
mechanical shock, the wires becoming brittle after long periods at high tem¬ 
perature. For the latter reason, also, thick wire is preferable to thin. It has 
the further advantage that a low’^ voltage with high current is then used, thus 
reducing the danger of short circuits, although conversely use of a very high 
current incurs difficulties of electrical supply. The tube is insulated by a con¬ 
siderable thickness of calcined alumina powder. 

The atmospheres used with molybdenum resistance furnaces may be pure 
hydrogen, forming gas (nitrogen-hydrogen mixtures), or cracked ammo nia 
(made by passing dry ammonia gas through a furnace packed with steel wool 
and heated to 850^0.), The “running-in” of a new furnace tube should be 
carried out with extreme caution, the temperature being raised very gradually 
from ordinary to maximum temperatures, e.g., for a 3'*' AlgO, tube, not less 
than 3-4 days is advisable as the initial running-in period. It is said to be desirable 
to hold the temperature of such a tube in the range of I3oo®-i40o® c. for 12-24 hr. 
before exceeding the latter temperature. 

* Mr. C. R. Barber, private communication. 

® Kitchener, Bockiis and Liberman, This Discussion, 

* For wires, the optimum thickness is 0*9—1*4 mm. This is con n e c ted wiih the 
present method of manufacture which makes it difficult to get long ductile wires without 
brittle spots above this thickness. 



94 NOTES ON SOME PHYSICO-CHEMICAL MEASUREMENTS 


During the heating period the current is kept approximately constant, the 
voltage being advanced gradually, as the resistance of molybdenum increases 
greatly ^\’ith temperature. This is convenient!}" achieved by use of a continuously 
variable auto-transformer. The temperature coef 5 .cient of the resistance of 
molybdenum is an advantage in the sense that it tends to make the furnace 
self-compensatmg for ductuations in the mains voltage, and in practice tem¬ 
peratures constant to approximately c. at 1500°-!700° c. are obtained with 
a well-lagged furnace which is not subjected to irregulax ambient temperatures. 
Auxiliary thermo-regulators are sometimes also used and these are based upon 
thermocouples, resistance thermometers, or the resistance of the furnace windings 
themselves. 

Even after the first running-in, the heatmg should still be slow and it would 
be inad\isable to take furnaces (such as those described below) from room 
temperatures to 1800° c. m less than about 5-12 hr. The shorter time reduces 
the life of the refractory tube which is particularly liable to crack at the ends owing 
to the large temperature gradient between the end of the winding and that of 
the tube. In many types of molybdenum furnace, a cracked tube can be 
satisfactorily repaired repeatedly wirii the appropriate cement. 

Moisture is always present in the furnace when cold : to reduce the -water 
content considerably may be very desirable. Thus, at high -temperatures, -water 
may attack molybdenum and, in -the absence of hydrogen (e.g., in an argon 
atmosphere), produce molybdenum oxides which attack -the refractory -tube. 
Water may also a-ttack graphite crucibles and under normal conditions it thus 
appears difficult to use graphite crucibles inside the furnace in a hydrogen atmo¬ 
sphere -without their suflering serious attack unless -water is rigorously excluded. 
The complete elimination of water vapour from furnaces is usually very difficult; 
however, the -wa-ter content is considerably reduced by maintaining the furnace 
tube initially for some hours at about 1000® c. 

(ill) Furnaces for Electrical Measurements up to 2000® c. 

( a ) Requirements. Extensive work on the conducti-vit}" of molten substances 
has been recorded in -the litera-ture only wi-th subs-tances in -the temperature range 
below 800° c.; 10 few systematic measuremen-ts are recorded in -the range 800®- 

rooo®c.; no measurements have previously been recorded above 1600° c. 
(but see this Discussion 1*). 

The chief requirements in design of apparatus for such work are to overcome 
the folio-wing difficulties: 

(1) distortion of con-taining vessels and elec-fcrodes, 

(2) pollution of liquids by con-tact with refractory ma-terials either by 
dissolution or by reaction, 

{3) non-uniformity of temperature in the vessel containing the melt, 

(4) elec-trolytic polarisation, and 

(5) lack of reliable -thermocouples in consequence of which optical p^urome-ters 
are used. Some subs-tances fume, however, when the temperature is greater than 
about 1500® c., -thus making simple optical measurements unsatisfactory. 

In recent preliminary work on the measurement of the electrical properties 
of silicate melts at Imperial College the foUo-^ving methods were used in conduc¬ 
tivity measuremen-ts to avoid these difficulties. The pollution of -the molten 
liquid was successfully avoided by the use of molybdenum for crucibles and 
electrodes. A compromise between -the requirements of a uniform tempera-ture 
and of a comparatively large distance apart of the electrodes (so that the resistance 
to be measured does not become too small) was met by having a crucible of 2' 
diam. -with electrodes about i' apart. The difficulty of optical p3nrometer 
measurements -was overcome by use of a molybdenum sighting sheath as described 
below. 

Summary of earlier works : BUtz and Klemm, Z. anorg. Chem.^ 1926, 15a, 267. 

^ Biitz and Klemm, Z, anorg. Chem., 1924, no, 318. 

Rishkevich, Z. Blektrochetn., 1937, 39 » 53i- 
^ Arndt and Kalass, Z. Elehtrochem., 1924, 30, 12. 

Jaeger and Kapma, Z. anorg. Chem.^ 1920, 213, 27. 

Bookris, Kitchener, Ignatowicz and Tomlinson, This Discussion. 
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Electrolytic polarisation is considerably decreased by the increase in tern- 
perature and higher frequency of the a c in a ^^Hieatstone network. In a t57pical 
binary sihcate the variation of conductivity with frequency in a t3?pical lime* 
sihca mixture (65 % CaO) at 1650° was <i % over the range 500-10,000 c./sec. 
The molybdenum electrodes were at a fixed distance apart and could be moved 
vertically by means of the lifting gear shown in Fig i. The position of the 



Diagram of Construction of Tube- 
type Molybdenum Furnace. 

1. Electrode clamp. 

2. Pointer. 

3. Gas-tight gland, asbestos packed 

4. Centimetre scale. 

5. Gear for raising and lowering 

electrodes. 

6. Support for lifting gear. 

7. Brass tube. 

8. 2' alumina tube. 

9. 0*2 cm, molybdenum electrodes. 

10. Gas-tight gland asbestos packed, 
rr. Y alumina tube. 

12. Alumina cement. 

13. Uralite sheet. 

14. Hydrogen inlet tube. 

15. Alumina cement plug. 

16. HTi brick. 

17. Calcined alumina powder. 

18. Terminals. 

19. Molybdenum electrodes. 

20. Sighting tube (molybdenum). 

21. Wmding (details not shown). 

22. Tails of winding. 

23. Alumina cement pedestal. 

24. 4* alumina tube. 

25. Firecrete cement base to furnace 

26. Firecrete cement. 

27. Removable bottom of furnace. 

28. Hydrogen outlet. 

29. Gear for raising and lowering fur¬ 

nace bottom. 


electrodes was known to within O’l mm * Two types of furnaces have been 
used in these measurements and the essential features of these are outlined 
below. 

(fe) Tube Type of Furnace. This was essentially a molybdenum-wound 
resistance furnace with a recrystallised alumina tube of 3^ to 4' internal diam. 
(see Fig. i and Plate 3).t Behaviour of this type of furnace was satisfactory in an 

* For further details of conductivity measurements made with this arrangement, 
see elsewhere in this Discussion.^* 

‘f Two models of thlg furnace were made differing essentially only in the diameter 
of the main tube, the larger furnace being intend^ for experiments on electrolysis 
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atmosphere of dry hydrogen or forming gas.” In some experiments, argon was 
used and this was dried and nitrogen removed by passage over activated calcium 
at 400® c , but even after this purification, parts of tibie mside of the furnace 
were found to be blackened and attacked if a complete experiment were carried 
out in an argon atmosphere. This attack is thought to be due to water vapour 
as it was found to be reduced by heating for a pre limin ary period of some 
12 hr. in pure dry hydrogen at about 1000® c. As a standard procedure in 
experiments carried out m the presence of an argon atmosphere, heating 
up to, and cooling down from, 1000° c. is carried out in hydrogen and no noticeable 
attack on the molybdenum occurs. 

Thermal Characteristics : In normal practice, temperatures in the region of 
1800® c could be obtained in about 6 hr. from a commencement at ordinary 
temperature and by maintammg a constant current of about 60 amp. About 
4-5 kw. are necessary to maintain the furnace at the temperatures 1700®-!800® c. 
Coohng was allowed to take place freely for about 12 hr., the temperature reaching 
about 200® c. in this time. 

Durability of Refractor les : The quality of the various recrystallised alumina 
tubes, though nominally the same, appears to vary. Usually, when the furnace 
was put through its cycle of heat changes about 3 times per week, the life of 
the tube was about 3-4 months. It is probable that effective agents in accelerating 
the breakdown of refractories are SiO and SiOj in the vapour state derived from 
silicate melts under examination. A black deposit, also visible in the tube and 
possibly due to oxidation products of Mo, appeared to be sometimes connected 
with tube failures. 

(c) Grid Winding Type OF 
Furnace. A furnace some¬ 
what different in detail to the 
tube t}»pe was also constructed 
and used. The principal differ¬ 
ences are as follows: The 
refractory used was a micro- 
nised zircon brick. As shown 
in Fig 2 and Plate i, this wras 
arranged in the form of a 
centr^ cylindrical cavity in 
place of the usual alumina 
tube. The use of this type 
of zircon enables a higher tem- 
peiature, namely, 2000® c., to 
be attained, than the use of 
alumina. Conversely, tlie 
thermal conductivity of zir- 
Fig. 3.—^Power-temperature relation for grid type con is greater than that of 
furnace. alumina so that extensive in¬ 

sulation in the form of high 
temperature insulating bricks (which will withstand a temperature of 1400® c.) 
has to be employed. 

The heating element consisted of tungsten wire w-hich was substituted for 
molybdenum in this furnace on account of its higher melting point. The winding 
was arranged in an open grid form, as shown in Fig. 2 and Plate 2. The 
cylindrical sheet of molybdenum visible in the photograph had the object of 
increasing the temperature uniformity in the crucible chamber. It is necessary 
to suspend the tungsten winding by hooks of molybdenum attached to the 
zircon, owing to the reaction of tungsten with zircon. This type of winding 
appears advantageous because the direct heating without a refractory tube 
facilitates rapid temperature changes in the crucible chamber. 

The lifting gear was somewhat different in detail from t^t of the tube-type 
furnace {see Plate 2). An improvement is the iris-diaphragm clutch for com¬ 
pressing the asbestos packing around the alumina tube, ihus malring a practically 
ga^tight fit between tube and furnace case when the tube is fixed in an appro¬ 
priate position. The power-temperature relation from this furnace is shown in 
Fig. 3 . 
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II. Temperature Measiurement 

(i) Accuracy and Limitation of Thermocouples. The standard instru¬ 
ments for temperature measurement in the range 1000° to 2000° c. are thermo¬ 
couples and optical pyrometers.^® Platinum resistance thermometers are rarely 
used above 1000° c. Total radiation p3rrometers should be applicable in cases 
where there is a large aperture at uniform temperature on which the pyrometer 
could be sighted. Novel inventions such as the tin-in-graphite thermometer 
seem to have met with little favour. 

The type of thermocouple most usually employed for the range Soo°--i5oo° c. 
is that of pure platinum against a 13 % rhodium-platinum allo}’’ (see i«). These 
couples are now commercially available in highly standardised materials, and 
the makers guarantee their reliability without further calibration to within 
3^1° up to 1100®, ±2° for iioo®-i400°, and ±3® for i40o®-i6oo®. There are 
veiy few researches in which the reproducibihty attainable on the other measure¬ 
ments involved demands more accurate temperature limits than these and, in 
any case, it is a matter of great difficulty to attain higher (absolute) precision. 

Even the limits of temperature measurements quoted can only be obtained by 
careful avoidance of various sources of error. The chief of these are contamina¬ 
tion and evaporation. It has been shown that contammation is frequently 
associated ^vith volatihsation of silica which takes place when any siliceous 
materials are heated to temperatures above 900® under reducing conditions. 
Contact of the couple 'with sulphur and carbon must also be avoided. Whenever 
possible, therefore, thermocouples should be used in an impervious sheath of 
alumina which should also be open to the air.^® Under these conditions, con¬ 
tamination errors are negligible. It is a simple matter to check a couple from time 
to time against a new one and, in case of error, to cut oft about an inch of the 'wires 
to make a new junction. 

Errors ascribed to change of composition are said to arise through preferential 
volatilisation of rhodium.^* This clearly increases with increase of temperature 
and length of exposure, and for this reason 1400® c. is generally given as the 
highest tempera'ture at which pla'tinum couples can be used continuously for long 
periods (in 'the absence of con-tamina-tion). For -the measurement of higher 
temperatures -the quick immersion technique may be adopted, the -wires being 
normally kept withdrawn in a region at about 1400® c. inside the sheath and 
pushed along to the end of the sheatJi when readings are to be -taken. Temperatures 
up to 1700° c. may be measured in this w-ay to ±5° c. 

Other thermocouples have some-times been sugges-ted for higher -tempera-tures. 
The graphite-carborundum couple of Fitterer ^ has not been used extensively 
in research, but several workers have used -tungsten-molybdenum couples.*® 
Views on the value of these couples are discrepant. It appears -that although 
they give relatively constant readings over long periods (when electrically 
screened and protected from oxidation) ihey need to be frequently checked 
against platinum thermocouples or optical pyrometers when correct absolute 
temperature measuremen-ts are required. Their main use is in the maintenance 
of constant furnace temperatures, 

(ii) Optical Pyrometry at Temperatures above 1600 ® c. A disappearing 
filament -type of optical pyrometer was compared with the polarising t3rpe and the 
former was found to be superior to the hitter -wi-th regard to accuracy of observ-a- 
tion. With three different obseiv’ers, consistence of measurement at about 
1650® c. was about -three times be-tter wi-th the disappearing filament than wi-th 
the polarising type. 

{a) Griffiths, Methods of Measuring Temperature {1947), 3rd Ed. ip) Temperature, 
its measurement and control in Science and Industry ^American Institute of Physics, 

1941)- 

Northrup, Pyrometry (1920}. 

Symposium on the Contamination of Platinum Thermocouples, J. Iron Steel Inst,, 
1947. 155, 213. 

Homewood, ref. 16 (6), p. 1272. 

*® Osan and Schroder, Arch, Eisenmittenw,, 1933, 7 . 89 ; Leiber. ibid, 1937-3^, a, 63; 
Pomander and Omberg, Jemkoniorets Annalen, 1939,193. 527* 
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In order to obtain the greatest accuracy with a disappearing filament pyro¬ 
meter, it is necessary to pay attention to tiie following details.®^ 

1. A flat filament should be used, this being superior to the cylindrical type of 
element. Care must also be taken to ascertain that the length/diameter ratio of 
the lamp filament is not too short owing to the possible introduction of tem¬ 
perature coefficient and thermal inertia errors in short filaments. 

2. High magnification should be obtained by use of Huyghens eyepiece 

3. The absorption screen should be in the form of a shde at right angles to the 
axis. This avoids the possibility that, if an absorption screen is interposed by 
rotation about an axis at right angles to the axis telescope, the screen may be 
tilted in the beam of radiation, unless the ** in ” position is very well defined, 
thus causing reduced transmission of hght to the screen. Pyrometers were 
built with special attention to the above points and found very satisfactor}- for 
accurate laboratory work. 

In measurements of the temperature of molten slags, no ordinarj’ method of 
sighting the pyrometer on the slag surface could be used because of the fumes 
evolved from the slags at temperatures above about 1500° c. A tube of 
molybdenum (closed at the lower end) was cemented into a vertical alumina 
tube (see Plate 3) and the height of the molybdenum tube adjusted until it was 
just above the surface of the slag. The pyrometer was then sighted on the 
bottom of the molybdenum tube. The laxgest diameter of molybdenum tube 
used w’as and it was found by direct measurement that a lengtii of about 2" 
at the bottom of this tube w’as in a zone the temperature of which was constant 
to within about 10®. According to Buckley for tungsten (emissivity 0-4) with 
diffusely reflecting walls and bottom, the radiation from a cylindrical hole is 
within I % of full if the ratio of length to radius is 8, as is the case in the apparatus 
reported here. A deficiency of i % in the total radiation gives rise to a negligible 
error in optical pyrometer measurements up to 2000° c. 

By direct comparison betw^een the optical pyrometer and an insulated 
Pt-Pt/Rh thermocouple placed at the bottom of the tube, agreement to within 
±5® was obtained up to 1600® c. At higher temperatures, the agreement in the 
estimated reading of three independent obser\’^ers was obtained to within about 
the same limits. 

111 . Laboratory Refractories : Use of Molybdenum. 

( 1 ) Attackability. Reliable observations concerning the attack ol molten 
substances of definite composition, particularly slags, on refractones are difficult 
to find.®* The most important characteristics of a refractory in this connection 
are low porosity and stability to temperature changes. These factors are affective 
in a way largely independent of chemical composition. The mam requirement 
is that the eut^tic temperature of the final products of the reaction between 
refractory and slag is higher than the 'working temperature. This condition is 
said to be best reached by refractories of magnesia-chromium sesquioxide-alumina. 

A method sometimes applicable in reducing the attack of slags on refractories 
is to cool the refractory walls to some 50® c. below the temperature of the slag. 
For a modem re\'iew’ on laboratory refr^tories see Kirby. ®* 

The problem of providing a satisfactory container w'hen both slag and metal 
are present is a very difficult one, though frequent in metallurgical w’ork. Some 
workers claim, that a carbon lining is satisfactory in such cases.*® A technique of 
more general applicability is that of the spinning crucible in w'hich the metal 
forms a lining on the crucible wall by centrifugal action, thus reducing the 
resultant attack of the slag on the cracible (see also Fo€x ** for remarks on 
the velocity of the slag-metal interaction). 

“ Barber, J. Irm Steel Inst,, 1945, 15*, 171 P. 

** Buckley, PhU, 1936,17,576. 

** Endell, Ber, dish, heram, Ges,, 1938, *9, 471. 

** Kirby, Metdllufgia, 1944, 30, 65. 

*® Voshurgh, Met, AUoys, 1939, 10, 133; Bleck and Mellor, C 7 .S. Pat, 2,351,594* 

« e.g„ see Taylor and Chipman, Amer, Inst, Min, Met. Eng., No. 1499, 1942 ; 

Barrett et al,, Amer. Inst. Mtn. Met. Eng., 1939, 135, 73; Northrup, U.S. 

Pai. 1,378,189. 
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(ii) Use of Molybdenum. Pure molybdenum offers good possibilities for 
use as a crucible material to contain slags, etc Its chief advantage lies in its 
resistance to the attack of these systems and its high m p. The relevant ph37sical 
and chemical properties of molybdenum are summarised in Table I. 

The construction of a variety of objects of molybdenum, e.g , crucibles, tubes, 
U-tubes, etc., was achieved by a welding technique between molybdenum and 
carbon arcs. It is important that the carbon should be the cathode. The 
welding is carried out in an atmosphere of dry forming gas contamed in an 
inverted bell jar about 4"^ diam and 9^ deep. A rapid flow of gas must be 
maintained, or else oxidation of the molybdenum occurs and the veld is brittle. 
Thus in making crucibles, 0*2 mm. thick Mo is used. The cylindrical sides of 
the crucible are pressed in the cold around a suitably shaped former and the 


Table I 

Properties of Pure Molybdenum 


Physical Properties 
Hardness (Moh’s scale); 8*5 
Tensile strength : 0*125 diam. 

Coefft. of linear expansion ; =5*56 x io“*^ 

Thermal conductivity at 1648® c : i*o w./ 
cm./® c. 

M p. 2620® c. approx. 

B,p. 4700® c. approx. 

Log (rate of evaporation)== 17*11-38,600 T 
— 1*76 log T g./sq. cm./sec. 

Log v.p.=i7*354—38,600 T—1*26 log T 

Specific elect, resistance 41*2 micro ohms/ 
cm.* at 1648® c. 


• Chemical Properties 

j H2: does not absorb 

I HgO ; reacts very slowly at room tem- 
1 perature; at 700® c., reacts->oxide. 

Nj: reaction at 1000® c. (Zschukoff). ** 
j No reaction at 1200® (Aloissan).** All 
1 Ng absorbed at 0*3 mm. pressure at 
I 2000®-2400® c. (Langmuir).®^ 

I NHg : no reaction at red heat. 

I CO : no reaction at white heat.®* 




1 
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crucible bottom is pressed out of sheet molybdenum. These parts are then welded 
together under the conditions described above. It has recently been possible to 
draw small cups out of molybdenum which has been pretreated in a certain 
way.** This method does not appear to offer any notable advantages over the 
welding method. At the same time it is more expensive and of less general 
application. 

The attack of most non-ferrous slags on molybdenum is neghgibly small. 
Thus, an extreme test was carried out by heating and cooling slags of composition 
35 % CaO and 65 % SiO, to 1800® c. four times for 2-3 hr. on each occasion. 
*^ter this treatment analysis of the slag showed it to contain o*o6 % MbOg. 
Molybdenum crucibles will not withstand the attack of “ pure FeO. 

The authors’ thanks are due to the following: Dr. M. Pirani for help in 
the general design of the grid type furnace and Mr. E. Forster of the 
B.C.U.R.A. for help in the practical design and construction of this furnace ; 
Dr. N. P. Allen and Dr. V. H. Stott of the Metallurgy Division, National 

•* Zschukoff, Ann, Inst, Anal, Physique Chim,^ 1926, 3, 14. 

*• Moissan, Compt, rend,, 1935 » 1230* 

** Langmuir, J. Amer, Chetn, Sog., 1919# 42* 

** Tomlinson (unpublished), 

*• Mr. J. H, E. Jeffes, private communication. 
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Physical Laboratory, for helpful discussions; Mr. C. R. Barber of the Physics 
Division, National Physical Laboratory, for advice in the design of some of 
the optical pjTometers used; Dr. J. H. Partridge of the G.E.C. for advice 
with regard to the welding of molybdenum ; and Mr. James Royce of James 
Ro3Te Furnaces Ltd. for extensive and friendly co-operation in the design 
and construction of the tube tj-pe electrical resistance furnaces. 

The authors also ^\ish to thank their colleagues, Dr. F. D. Richardson 
and IMessrs. J. H. E. JefEes, S. Ignatowicz and J. W. Tomlinson, for helpful 
discussions. 
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ELIMINATION OF THE THERMAL-DIFFUSION ERROR 
IN STUDIES OF GAS-METAL EQUILIBRIUM 

By Minu N. Dastur and John Chipman 

Received yih June, 1948 


Experimental studies of the compositions of gaseous mixtures in equilibrium 
with a metal and its oxide at high temperatures have been much used in 
determining the free energj- of oxides. In a number of cases the results 
have been subject to error or uncertainty on account of the partial thermal 
separation of the gases in a temperature gradient. Emmett and Schultz ^ 
showed that all the early results of static determination of equilibria 
involving hydrogen and water vapour suffered from this source of error 
which was as great as 40 % in some reported HgO/Hg ratios. Eastman and 
Ruben® pointed out that even flowing systems are not immime. Shibata 
and Kitigaw^a® also studied the effect and applied corrections to their data 
on reduction equilibria. More recently Darken and Gurrj* * have measured 
the amoxmt of thermal separation in gaseous mixtures flowing into, or out 
of, a vertical tube furnace and described conditions for avoiding error in 
this kind of s^-stem. 

In equilibria involving oxj^gen in solution in a molten metal this source 
of error has been especially troublesome. The added difficulty arises from 
the necessity of working in a temperature gradient when high-melting point 
metals such as iron are being stuffied. The simplest method for stirring the 
melt and thus bringing its interior into equilibrium with the gas is to use 
high-frequency induction heating. For this reason the sample caimot be 
placed in the centre of a tube furnace where thermal separation would be 
a minimum^ When a cold mixture of hydrogen and water vapour impinges 
upon the surffice of such a melt, thermal diffusion opposes the approach of 
the heavier wrater molecule to the surface with the result that the surface 

1 Emmett and Scliultz, /. Amef. Chem. Sew;., 1933, 55. 1376. 

* Eastman and Ruben, /. Amer, Chem. Soc,, 1935. 57, 97. 

” Shibata and Kitigawa, J. Ckem, Soc„ Japan, X935, 56. 722 and 736. 

^ Darken and Gurry, /. Amer. Ckem, Soc., X945, 67, 139S. 
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layer of gas is enriched in hydrogen and the molten metal depleted in oxygen 
below the concentration which would be in equilibrium with gas of the inlet 
composition. It was showm by Chipman and Fontana ® that this phenomenon 
led to errors of about 20 % in the equilibrium constant at 1600® c. and 
that the error could be at least partially eliminated by preheating the entrant 
gas mixture. The desire for greater accuracy in the equilibrium measure¬ 
ments has led to the present investigation of this source of error. 


Thermal Diffusion 

The phenomenon of thermal diffusion in gases was predicted by Enskog * 
in 1911, and independently by Chapman’ in 1916 ; it was obseiv^ed for the 
first time by Chapman and Dootson® in IQ17. In his work on the kinetic 
theo^ of gases, Chapman has sho^vn mathematically that a temperature 
gradient in a mixture of two gases is in general sufficient to produce a partial 
separation. Chapman^s theory is based upon considerations of intermolecular 
force-fields and upon the relative molecular weights, sizes and numerical 
concentrations affecting the separating tendencies in a mixture of tw’O gases 
subjected to a temperature gradient. Later Ibbs ® and others also verified 
it experimentally. 

In order to arrive at a working formula Chapman has simplified his more 
general theory by assuming rigid, elastic and spherical molecules and by other 
approximations. The resulting approximate formula for a binary mixture 
is of the form 

* - ‘^ 1 -= 

‘ dlnr x + Cx^iXi + Dx^ixj^ ' ' ^ 

where x denotes the mole fraction, T the absolute temperature and the 
coefiBcients ^4 to D are functions of the molecular weights and the ratios of 
the diameters. 

Recently Gillespie developed a simple theory^ of thermal diffusion based 
on elementary kinetic considerations. His treatment does not account for 
the dependence of the effect on the size of the molecules and their mutual 
forces, but is based solely on molecular weight which is the variable of 
major importance. 

The equation for a binary mixture is obtained by equating the net bom¬ 
bardment of each species across a plane between two adjacent thin layers 
of the gas mixture to the amount of each species returned across the plane 
by a return flow. The average temperature of the layers differs by dT, and 
the bombardment of each species is assumed independent and calculable 
in any layer in the way the pressure of an ideal gas at constant temperature 
is calculated. Thus, for a binary mixture we have 


d laxi _ ^g(w2 —■ Wi) 

d in T ”“2(^1^! + 


(2) 


where T denotes absolute temperature, x mole fraction and m the square 
root of the molecular weight. 

Comparing the values of separation as calculated from (i) and (2) with 
those experimentally obtained by Elliot and Masson for three mixtures of 
gases over practically the same temperature range (about o® to 500® c.), 
Gillespie showed that his eqn. (2) gives considerably better results. In 

^Chipman and Fontana, /. Amcr. Chem. Soc„ 1934, 5 ®. son- 

“Enskog, Phystk Z., 1911, la, 56 and 533 

’ Chapman, Phil. Trans. Roy Soc A., 1916, ai6, 279; IQ17, ai7, 115. 

* Chapman and Dootson, Phil. Mag., 1917, 33, 248. 

• Ibbs Physica, 1937, 4 . ii 33 - 
Gillespie, J. Chem. Physics, 1939. 7, 530. 

^ Elliot and Masson, Proc. Roy, Soc. A, 1925, 108, 378. 
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another comparison^® involving nine different binary mixtures,^*the 
mean difference in favour of eqn. (2) was 15 %. 

Gillespie also showed that when there is any number q of species, comparing 
gas I 'vvith any gas i in which i runs over all values from i to g, we have 

dlQ% I - mi 

d In T 2 • • • • \o} 

where the summation is over all the species. 

Eqn. (3) can be applied to find the theoretical effect of foreign gases on 
the separation of two gases of kinds i and 2. Writing an equation of the 
type of (3) for the second gas and subtracting from (3) we find 

d In {X1IX 2) _ Wa — / X 

d In r 2 Z TThXt • • - v 4 ; 

According to this equation the relative separation of two gases by thermal 
diffusion, defined as the left-hand side of eqn. {4), is inversely proportional 
to the mean root molecular weight of the mixture and it can therefore 
be decreased by addition of a third gas of high molecular weight. 



S — Saturator C — Induction coil 

B —By-pass 

Fig. I —Schematic diagram of apparatus used in equilibrium studies. 


Experimental 

The objective of the present study was to investigate the possible methods 
for eliminating the thermal diffusion error in the determination of equilibrium 
in the reaction of hydrogen and water vapour with molten iron containing dissolved 
oxygen. This reaction, which occupies a key position in the apphcation of 
thermodynamics to reactions of steelmaking, has already been studied feirly 
extensively. As a result of earlier studies it is known lhat the concentration 
of oxygen in the melt is proportional to the steam,hydrogen ratio, or that the 
activity of oxj^gen is proportional to its concentration. Hence the equation for 
the reaction and its eqiulibrium constant are written 

O (in Uquid Fe) ^ H.(g)= H, 0 (g); A' . (5) 

Ibbs and Wakeman, Proc. Roy. Soc. A., 1932, 134, 613. 

Ibbs, Grew and Hirst, Proc. Physic. Soc., 1929, 41, 456. 

Fontana and Chipman, Trans. Atncr. Soc. Met., 1936, 313. 
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The apparatus was designed to provide controlled preheating of the inlet 
gases and ready admixture of an inert gas in controlled amounts. A known 
mixture of water vapour and hydrogen was obtained by saturating purified 
hydrogen vdth water vapour at controlled temperature. This mixture, with or 
■svithout addition of a purified inert gas, was passed over the surface of a small 
melt (approximately 70 g.) of electrol^c iron in a closed mduction furnace. 
After sutficient time at constant temperature for attainment of equihbrium the 
melt was cooled and analysed for oxygen. 

In any experiment in which thermal diffusion has occurred, the apparent value 
of K in eqn. (5) is larger than its true value. It was the purpose of this study 
to obtain values of the apparent K under a series of conditions which would 
permit an extrapolation, with the aid of eqn. (4), to obtain the true value of K. 

Apparatus 

Gas System. — k. schematic diagram of the apparatus is shown in Fig. i. 
Commercial hydrogen obtained in the usual tank cylinder was passed through 
a needle valve and led to the safety trap (T) which, containing mercury, was 
used to relieve excess tank-side pressure. The flowmeter (F) w'as used to deter¬ 
mine the amount of hydrogen gas passing through the system. The catalytic 
chamber (C) was used to convert any contaminated oxygen in the commercial 
hydrogen into water vapour with platinised asbestos. The temperature of the 
catalyst was kept at about 450® c. A by-pass (B) with stopcoclK was provided 
so that the hydrogen could ^ introduced directly from the tank to the furnace 
when desired. From the catalytic chamber the gas passed through a w'ater bath 
(W), kept at the desired temperature by an auxiliary heating unit, so that the 
gas was burdened with approximately the proper amount of water vapour 
before it was introduced into the saturator (S). 

All connections beyond the catalytic chamber were of all-glass construction. 
Those connections beyond the water bath w^ere heated to above 80® c. to prevent 
the condensation of water vapour by means of a chxomel wire wound around 
the tubing and covered with asbestos. After the saturator a third gas (helium 
or argon) was led into the steam-hydrogen line at (J), and finally the ternary 
mixture was introduced into the furnace. 

When argon was used as the foreign gas to prevent thermal diffusion it was 
first passed through the flowmeter (F) and then purified of the trace of free 
oxygen in it by passing it over heated copper wire gauze at 450® c. It was then 
led into the furnace along with the steam-hydrogen mixture. All connections 
after the purifying system were of all Pyrex-glass construction. A few heats 
were also made with helium as the third gas. It contained 0*3 % hydrogen as 
an impurity and had to be purified by passing the gas over CuO needles at 
500® c. and thus converting tiie hydrogen to water vapour and absorbing it in 
a U-tube filled with phosphorus pentoxide. 

]Mercury-vapour runs presented a dual problem of generating and introducing 
the vapour into the furnace mthout contamination with the outside atmosphere. 
For this purpose a P5rrex flask fitted with a Glass-Col heater \\y& used to generate 
the vapour. At the inlet end of the furnace the Pyrex tubing was sealed to a 
Covar tube which was silver-soldered onto the brass furnace top. Condensation 
of the mercury vapour wdthin the tube or the furnace top was prevented by 
adequate resistance-heating of both to about 400® c. Due to the known hazards 
of working with mercury vapour, great care was exercised to catch aU the 
vapour in condensed form at the bottom of the furnace, which had to be specially 
designed for this purpose. The weight of the liquid mercury thus collect^ over 
a definite time interval was used to compute the rate of flow of the vapour. 

The Saturator, —^The saturator unit comprised three glass chambers, as 
shown in Fig. i, wdth the first two chambers packed wilh glass beads and 
partially filled with water, and the third empty as the entrainment c h a mb er. 
Each tower has a glass tube with a stopper att^hed for the purpo^ of adjust^ 
the amount of water in it. This unit was immersed in a l^ge oil bath, which 
was automatically controlled to constant temperature, ±0*05® c. 

Furnace Arrangement. —^The furnace arrangement is shown in Fig. 2. A 
glazed-surface silica tube (N), 24 in. long and 2 in. inside diam., was used through¬ 
out, It worked satisfactorily and was impermeable to gases at elevated 
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temperatures. The furnace was equipped with water-cooled brass top (K) and 
bottom (S). A rubber washer (L) helped to seal it off from the outside 
atmosphere. The brass head (K) was fitted with a sight glass (J) made of 
Pyrex glass, J in. diam. and i/i6 in. thick, to facilitate temperature measurements 
from the top by means of an optical pyrometer. 

Gas inlet and outlet were provided at the top and bottom of the furnace 
respectively. A small silica tube, | in. outside diam. and 5 in. long, -was used 
to carry the mixture into the furnace. It was fixed to the furnace head b}' 
means of an asbestos gasket (F). The preheater tube (C) was suspended from 
the small quartz tube. 



A — ^Uumina crucible containing melt 
B — Induction coil, 16 turns 
C — Preheater tube (alundum) 

D — Platinum-coil preheater 
E — Quartz tube, J in. O.D. 

F — Asbestos gasket 
G — Terminal, preheater coil 
H — Rubber gasket 
J —Sight glass 
K — Brass top (water-cooled) 

L — Rubber nng 
M — Insulating sleeve (alimdum) 

N — Glazed quartz tube, 24 in. long, 
2 in. int. diam. 

O — Insulating thimble (alundum; 

P — Outer crucible (alundum) 

Q — Supporting tube (alundum) 

R — Stainless steel tube 
S — Brass bottom (water-cooled) 

T — Rubber gasket 
U — Supporting discs (alundum) 


Fig. 2.—^Furnace axiangement 


The alumina crucible (A) was placed inside an outer alundum thimble (P), 
resting on an alundnm disc (U) which was in turn supported on top of an alundum 
tube (Q) i in. inside diam. and 5 in. long. The final support was a stainless, 
sfael tube (R), J in. inside diam,, which was fixed to the bottom by means of a 
rubber gasket and which could be slid up or down as desired. This proved to be 
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\ er>' ellecti\’e in positioning the melt inside the induction coil to get the desired 
electrical coupling. 

The furnace was completed with an induction coil 2 J in. diam., actuated by a 
Lepel umt of 7 1 to 30 kw. input, which proved to be &atisfactorj\ The power 
needed for melting w’as from 10 to 15 kw. and only 5 to 8 kw. were necessarj’ 
TO hold the metal at 1563° c. 

The Preheater. —The preheater tube (C) made of alundum, I in inside diam., 
wdiS tapped with 12 threads to the inch for a length of 6 in.; a coil of platinum 
wire (D), 0*025 diam., which sensed as the heating element, was screwed into 
position m the threads. Later on, a bigger and better preheater w’as made 9 in. 
long and with a heavier wire, 0*030 in diam., using platinum-10 % rhodium 
m-^tead of pure platinum. This enabled the entering gaseous mixture to be 
heated up to the temperature of the melt before coming in contact with it. The 
leads w’ere taken out through holes drilled in the preheater tube and were 
fastened to terminal connectors at G. An independent source of power supply 
w’as used for resistance heating through a rheostat such that it could be regulated 
to get the desired amount of preheat. The preheater w’as covered with an 
alundum insulating sleeve (IVI), 12 in. long and i J in. diam., resting on an alundum 
disc (U) and another sleeve (O), in. long and i| in. diam., to pre\ent excessive 
radiation. The incoming gases came in direct contact with the heated platinum 
wire and hence the preheating was very efficient. 

Calibration of Apparatus. —^The flowrmeters were calibrated by collecting 
and measuring the gas passing through in a measured time. The saturator was 
checked by absorbing and w'eighing the water vapour carried over by a measured 
volume of hydrogen which in several determinations agreed closely with the 
theoretical. The oxygen content of the purified gases was found to be negligibly 
small. Thermometers were calibrated against a standard platinum resistance 
thermometer. The optical p3n:ometer was checked frequently against the freezing 
point of electrolytic iron in hydrogen, which was taken as 1535® c. Readings 
were taken on the surface of the liquid metal and it was established in a parallel 
study that the emissivity of this surfeice did not vary measurably witliin fhe 
temperature range here considered (1535° C.-1563® c.). 

Oxygen analyses were made by the vacuum-fusion method on an apparatus 
which has been in use in this laboratory over a period of 10 yr. It had been 
calibrated previously against measured gas volumes and checked by exchange 
of samples writh the National Bureau of Standards. Results reported are the 
mean of two or more concordant determinations. 

Procedure. —A charge of about 70 g. electrolytic iron contained in an alumina 
crucible w^as melted in slightly moist hydrogen and brought to a temperature 
of 1563° c. It wras held at this temp)erature by hand control of the powder input. 
Frequent temperature measurements were made and in general these did not 
deviate more than ± 5® c. from the desired value. The saturator was controlled 
at 54*0° c. to give a nearly constant ratio of wn.ter vapour to hydrogen whose 
exact value was determined by the barometric pressure. Preliminary experiments 
had demonstrated that under these conditions a constant oxygen content was 
reached after 15 min. All runs were continued for a minimum of 45 min. after 
which the met^ was chilled as rapidly as possible by lowering it into the cold 
part of the furnace. 

The experimental conditions included the use of three levels of preheater 
temperature as well as a few runs without preheat. The temperature of the 
platinum coil was measured by means of an optical pyrometer and corrected 
for emissivity and absorption in the intervening optical system. The temperature 
of the heater at low, intermediate and high levels of preheat was estimated to be 
800® c., 1200® c. and 1563® c. respectively during the runs. 

Experiments were made without gas admixture and with addition of the 
inert gases helium, argon and mercury. Previous results had indicated that the 
rate of flow of the gases had a decided ef ect on the equilibrium constant The 
preheating of the gaseous mixture was more efficient the lower the linear velocity 
of the gas stream as it approached the hot metal surface. But it was found from 
a few preliminary runs that the rate of flow did not make any diflerence because 
of the better and more efficient gas preheater used in this work. 

D* 
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Resitlts 

The results of successful heats are summarised in Table I. The second column 
of the table gives the ratio of steam to hydrogen in the furnace as computed 
from the barometric pressure and the vapour pressure of water in the saturator, 

TABLE I 

Equilibrium Data at 1563® c. 


I 


Heat 

Number 

corrected 

% Oxj’gen 

Rate of Gas Flow 
ml /min. 

K (Appar.) 

Preheat 

Conditions 




Addition 


A. Argom' Ad 
I 

DITIOK 

0-I75I 

0*0338 

245 

380 

5-17 

Low 

3 

0*1740 

0*0339 

245 

380 

5-14 

(approx. 800® c.) 

4 

0*1741 

0*0326 

245 

380 

5*33 


6 

0*1748 

0*0337 

245 

380 

5-16 

Intermediate 

7 

0*1760 

0*0316 

700 

150 

5-57 

(approx 1200® c) 
Low 

8 

0*1759 

0*0351 

150 

1000 

5*03 

„ 

9 

0*1720 

0*0321 

150 

150 

5*36 


11 

0-1724 

0*0279 

150 

0 

6*17 

a 


0*1742 

0*0344 

150 

150 

5-08 

Intermediate 


0*1743 

0*0349 

150 

1000 

4*99 


14 

0*1743 

0*0323 

700 

150 

5-39 



0*1742 

0*0277 

245 

0 

6*30 

None 

17 

0*1741 

0*0287 

245 

0 

6*08 

Low 

18 j 

0*1742 

0*0283 

245 

0 

6*15 

Intermediate 

19 

0*1743 

0*0315 

150 

1000 

5*53 

None 

20 

«"1743 

0*0321 

700 

150 

5*44 


26 1 

0*1732 

0*0343 

250 

1000 

5*04 

Intermediate 

27 

0*1732 

0*0357 

250 

1000 

4*86 

*» 

54 

0*1731 

0*0340 

250 

500 

5*08 

1* 

56 

0*1732 

0*0342 

300 

1000 

5*o6 

1* 

79 

0*1732 

0*03*52 

250 

0 

4*91 

High 

80 

1 

0*1732 

1 

0*0308 

250 

250 

5’6o 

(approx. 1563® c.) 

Si 

0*1732 

0*0362 

250 

500 

i 4-76 

i> 

82 

0*1732 

0*0413 

250 

1000 

4-19 

** 

91 

0*1742 

0*0386 

250 

° 1 

j 4'53 

If 

92 

0*1743 

0*0387 

250 

250 


If 

93 , 

0*1754 

0*0362 

250 

500 1 

1 4’83 

II 

94 

0-1754 

0*0396 

250 

1000 j 

1 4-44 

II 

99 

0-1743 

0*0370 

250 

0 1 

1 

11 

100 

0*1738 

0-0354 

250 

250 

4-89 

II 

lOI 

0*1738 

0*0390 

250 

500 

4*45 

1* 

102 

1 0*1728 

I 0*0373 

250 

1000 

4‘63 

II 

B« Hblutm a 
28 

Iddition 

0*1734 

j 0*0308 

1 

250 

250 

5*63 

Intermediate- 

29 1 

0*1735 

0*0296 

230 

250 1 

1 5*79 

If 

31 1 

0*1738 1 

1 0*0303 1 

250 

250 

, 5-72 


32 1 

0*1728 

0*0305 

250 

500 I 

5*65 

II 

33 

0*1712 

1 0*0306 i 

250 

1000 < 

' 5’58 

II 

34 ! 

0*1740 

0*0302 

250 

250 

5*75 

„ 

37 j 

0*1725 

0*0309 

250 

1000 

5*57 

II 

C. Hg-VAPOU 
43 

R AdDITIO'K 

0*1736 , 0*0367 

250 

480 

4‘73 


49 

0-1735 

0*0361 

250 

520 

4*82 

II 

50 

0*1735 

0*0363 

250 

480 

4*77 

it 

51 

0-1735 

0*0337 

250 

500 1 

5-15 

II 

52 

0*1736 

0*0362 

250 

510 1 

4*77 

II 

55 

0*1732 

0*0363 

300 

530 1 

4*76 

•* 
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and corrected for the small deviation of steam from the ideal gas law. The 
third column contains the average of duphcate or triplicate oxygen determina¬ 
tions. The fourth and fifth columns show the flow in ml./mm of hydrogen and 
the addition of a third gas respectively. The values of the apparent equilibrium 
constants are shown in the sixth column and the last one gives the conditions of 
preheat for each ingot It can be seen from Table I that the oxygen content 
of the melt fell m the range 0*03—0*04 % which is high enough for good analytical 
accuracy and low enough to avoid formation of a non-metaUic phase. 

The results are shown in Fig. 3 in which the logari thm of the apparent K of 
eqn (5) is plotted agamst the reciprocal of the mean square root of the molecular 
weight of the gaseous mixture. The results fall into three groups with respect 
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Fig. 3,—Expeiimental values of the apparent equilibrium constant at 1563® c. 


Gas added: 

No preheat . 

Low preheat 
Intermediate preheat 
High preheat 


None Helium 

T 

•- □ 


Argon Hg 

(mean of 6} 
O 

9 

O- A 

6 


to intensity of pieheating of the gas, and include three early results without 
preheat. Ftevious results are confirmed in that preheating decreases the apparent 
value of K, which under a high preheat becomes practically independent of the 
addition of an inert gas. 

Each method of preheating was suflEiciently reproducible to establish a constant 
temperature pattern within the apparatus. Thus /dlnT of eqn. (4) wras essen¬ 
tially constant for each condition. Fig 3 showrs that under such circumstances 
/dln(^a*o/^Hi) is inversely proportional to as required by the equation. 

Straight lines may be drawn through the three groups corresponding to the 
three degrees of preheat. 

The effect of adding purified argon is rather striking. Except in the case of 
high preheat when no temperature gradient existed in the gaseous atmosphere 
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at the liquid metal surface, the argon addition decreased the apparent K by an 
amount proportional to the reciprocal of the mean root molecular weight. 
Addition of helium gave results approximately the same as those without 
admixture, because it does not change to any appreciable degree 'with 

or \vithout the addition. In one series with intermediate preheat, mercury vapour 
was added and here the apparent K wns the lowest obser\"ed for that preheat. 
The average of six runs is shown as a single point on the plot of Fig. 3. 

The numerical value of the equilibrium constant of eqn. (5) is fixed by the 
experiments at high preheat which yield an average value of 4*70. Even if "the 
preheating had not been adequate the same result would have been obtained 
by extrapola-tion of the other lines of Fig. 3 to infinite molecular weight. 

This work was supported in part by the Office of Naval Research under 
Contract No, N5ori-78, Task Order XVi. 

Summary 

Thennal ditfusion may be a source of serious error in studies of gas-metal equilibria, 
especially when the metal is heated by induction and sharp thermal gradients are present. 
It is possible to eliminate the error by adequate preheating of incoming gases. In the 
absence of sufficient preheat the addition of a heavy inert gas serves to diminish the 
error. With adequate preheat the results are independent of the amount of inert gas 
ad led and when the preheat is inadequate the true equilibrium constant may be 
estimated by extrapolation to infinite molecular weight. 

Massachusetts Institute of Technology, 

Dept, of Metallurgy, 

Cambridge 39, Massachusetts, 
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Dr. H- J. T. EUingham (London) (communicated) : In his introductory address 
Sir Andrew McCance has referred to the importance of securing wider and more 
consistent use of the recommendations in the Report of the Joint Committee 
of the Chemical Society, Faraday Society and Physical Society on Symbols for 
thermodynamical and physico-chemical quantities and conventions relating to theh 
use, issued in 1937. connection it maj^ be of interest to note that these 

recommendations, with a few minor amendmen-fcs, w^ere adopted in 1939 by the 
Royal Society for application in its publications, and w^ere subsequently approved 
by scN^eral o-ther publishing societies in this country. Also, in 1947 the Report of 
■the Joint Committee was taken as the basis of discussion by the appropriate 
Commission of the Intema-donal Union of Chemistry, sitting with representatives 
of the relevant Commission of the International Union of Physics ; the recom¬ 
mendations were again substantially adopted and embodied in a report published 
in the Proceedings of the 14th Conference of the International Union of Chemistry, 
1947. pp, 10^119, and recently approved with minor modifications by the latter 
Commission. Differences from the recommendations of the original Joint Com¬ 
mittee are essentially on matters of detail, especially in the direction of giving 
^ditional altema-tive symbols for certain quantities and a rather ivider latitude 
in respect of certain usages. There now exis-ts, therefore, a broad general agree¬ 
ment among chemists and physicists at an international level on the use of 
ayn^ls and, what is more important, on the principles governing their use, 
for it has to be recognised that there is an inadequate number of alphabets and 
founts to permit restric'tioii of ■the use of any symbol to a single quantity. It 
remains, however, to secure agreement with en^eermg bodies on s>’^mbols for 
quantities, especi^y thermodynamic functions, of common interest "to physics, 
<memists and engineers, for some of those bodies, particularly in this country, 
oiaintaTTi an earlier practice which most publishing societies in other fields 
have long since abandoned. 
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Prof. E. A. Guggenheim (Reading) said; Wliile lull of admiration for Prof. 
Chipman’s masterly review of the available experimental data, mostly emanating 
from his own laboratory, and for his systematic application of thermodynamics 
to their analysis, I am somewhat alaimed by his use of the expression “ semi- 
regular ” solutions. If it is desirable, which I doubt, to use this name at all it is 
most important that it should be completely and unambiguously defined. Perhaps 
Prof. Chipman would amplify his definition, which as it stands is somewhat 
\'ague. 

FYof. Chipman’s formula (14) contains a parameter D. If we regard D as defined 
by this formula, then D is closely related to the osmotic coefficient. The osmotic 
coefficient g is defined by 

= Jit + log *V,. 


If we differentiate this with respect to T and compare with Prof. Chipman 
formula (16) we find that 


D^g-r 


T 


dg 

dr 


Since at any temperature g->i as it follows that D->i as X—>i. In a 

regular solution as defined by Hildebrand, including as a special case perfect 
solutions, D has the constant value unity. In other solutions the value of D 
varies with JV,. Any constant value of D other than unity would imply such 
curious properties that I should prefer to call such solutions “ semi-impossibh,** 
It is most unfortunate that the same name activfity coefficient is used both 
to measure deviations from Raoult’s law (Chipman’s y) and to measure deviations 
from Henry’s law (Chipman’s /). It is high time that fhese two different quantities 
are given different names. Perhaps one might call the former ** fugacity coeffi¬ 
cient ” and the latter " activity coefficient.” To illustrate this terminology 
let us consider the bismuth amalgams in Fig. i of Prof. Chipman’s paper, in 
particular the amalgam with mole fraction 0-5. The fugacity coefficient of the 
mercury is O‘63/o*50 =* 1-26, whereas the activity coefficient is 0*63/0*70 « 0*90. 


Mr. O. J. Eleppa (Chicago) (conmmnkated) : The term “ regular solution ” 
introduced by Hildebrand is based on the assumption of complete randomness 
of mixing, and thus corresponds to a well-defin^ physical model. Such ran¬ 
domness can be strictly fulfilled for an ideal mixture only (Guggenheim But 



1 Pwe. Roy. Soo. A, 1935,304. 
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if the size of the components is approximately the same, and if there is little 
change in heat content or volume on mixing, the solution will frequently be 
•'regular*' with fairly good approximation. Chipman's term "semi-regular 
solutions ” is based on an arbitrary empirical relationship only, and does not 
seem to correspond to any physical model. The value of such a term appears 
to be limited. 

If it is desired to indicate that the entropy of mixing deviates from that of an 
ideal (or regular) solution, it should rather be given by a deviation parameter. 
The parameter given by Chipman (eqn. (14)) does not seem to be the best choice, 
and the \\Titer suggests as an alternative an " entropy coefficient ” 8 , defined by 
the follo^ring equation: 

Si - S? = -/ein (SiNi) *= - JRlnN', 

The symbols are those used by Chipman. is the calculated mol 

fraction corresponding to the actual partial molar entropy and might be called 
the “ entropy mol fraction." In the case we have no heat of mixing would be 
equal to the activity. For ideal (regular) entropies of mixing S would have the 
value I for both components over the whole concentration range, while for non¬ 
ideal solutions S ^ I. 

The analogy of this " entropy coefficient " to the activity coefficient introduced 
by Lewis is obvious, and a graphical representation is equally simple. As an 
example, I refer to the figure which shows the two " entropy mol Jhactions " 
plott^ against mol fraction for the liquid system Pb — Cd (data talcen from the 
measurements of Taylor ®). The system is normally classified as " regular," but 
the figure immediatdy shows the deviation. It should be noted tiiat curves 
below the broken lines indicate positive entropy deviations. 

3Vlr, T. Rosenqvist {Chicago) {communicated) ; In his paper on Activities 
in Liquid Metallic Solutions, Chipman discusses, among other things, the activity 
of iron and iron sulphide in the molten part of the system Fe-FeS which he regards 
as a binary system. The present wTiter thinks that such a discussion can be 
done only with certain limitations because the sj’^stem Fe-FeS is not a complete 
binary system but only part of the system Fe-S. In the system Fe-S, the 
relation betsveen the activities of Fe, FeS and the sulphur pressure Pss is given 
by the equation; 

^FeS = 

(In this equation, ^/Ps^ has been replaced by as, the activity of atomic sulphur 
in the melt.) 

The constant K is so chosen that the activity of pure molten FeS is unity. 
Because the sulphur pressure has a finite value in a melt of stoichiometric 
composition, the activity of iron must also have a finite value, and caimot as 
Chipman indicates be zero. The exact value of the iron activity caimot be given 
at present, but the writer has reasons to believe that it is of the order of mag¬ 
nitude o-i at 1600® c. 

For comparison, it can be mentioned that in the system silver-silver sulphide, 
which the writer has investigated,* the activity of silver in molten silver sulphide 
is found to be 0-92 at the melting point (838° c.) of AgaS, decreasing with 
increasing temperature through a value of 073 at 1125° c. 

Referred to the quasi-binmy ^stem Fe-FeS, the mol fraction of iron wiU 
be zero in pure FeS ; because the activity of iron has a finite value, the activity 
coefficient ype t>e Infinite at this composition. As a consequence, it wiU be 
difficult to calculate the activity of FeS by means of Gibbs-Duhem’s equation. 
In Qiipman’s Fig. 17, the point A would have to be shifted infinitely far to the 
right and the integrated value for log Yves between A and B will be larger than 
the value given by Chipman. Thus, the values for ypes ®Fes will be higher 
throughout the entire system and a^^g “^ot follow Raoult’s law close to the 
stoichiometric composiiuon. 

• 7. Amer. Chem- Soc., 1923, 45, 2875. 

* Paper awaiting publication. 
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In fact, it is most likely that the activity of FeS plotted against composition 
will have a horizontal tangent at about the stoichiometric composition. This 
would be in harmony with the fact that the freezing curve of FeS has a horizontal 
tangent; the shape of the freezing curve and the activity being interconnected 
by the equation: 

/^hlgpeS \ , 

dx AH„ 

where X = atomic fraction of iron, 

T„ = freezing pt., 

AH^ = heat of fusion of FeS, 

The best way to obtain more quantitative information about the activities 
of iron and iron sulphide near the stoichiometric composition is to carry out 
extended equilibrium studies of the t}^. 

FeS + Ha^Fe + H^S. 

The writer is at present working on such equilibrium studies and hopes, at an 
early date, to be able to present the results. 


Prof. M. Rey (Paris) said: 

Prof. Chipman made an extra¬ 
ordinarily lucid and forceful 
presentation of the subject of 
activities in liquid metallic 
solutions and made several 
very interesting contributions 
to the subj’ect. I was par¬ 
ticularly interested in the 
place which he gave to the use 
of phase diagrams for the 
determination of activities as 
this is a subject which has been 
almost entirely neglected. 

For example, Wagner in his 
important review of the 
thermodynamics of alloys * 
hardly mentions the method. 

In the discussion of the 
iron-sulphur system, Chipman 
points out that the activity is 
exactly known at the liquidus 
temperature, but that a cor¬ 
rection is needed to calculate 
it for another temperature and 
that the simplest assumption 
is thatRT In y is inde^ndent 
of temperature. This is a 
characteristic of a regular 
solution. Therefore the more 
the solution approaches 
regularity and the less the 
temperature differs from the 
temperature of the liquidus, 
the more the method of calcu¬ 
lation of the activity used 
l^re is accurate. It is par¬ 
ticularly adapted to S3rstems 
showing a strong positive deviation and a flat liquidus with a tenderu^ 
towards immiscibility. A comparison between the activily determined in thfe 
way and the activity obtained by other methods is particularly interesting. 



Fro. z« 


* Cp. Masiog’s Handbuch der MstaUphysik (Leipzig, 1940), Vol. I, Fart XIX. 
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It is gratiiying to note the agreement observed in the iron-sulphur system 
between this method and chemical equilibrium with hydrogen-hydrogen sulphide 
mixtures. 

Lumsden showed in his paper on the zinc-cadmium system * that such an agree¬ 
ment existed between the acthities of zinc measured by the potentiometric 
method by Taylor * and those deduced from the phase diagram, assuming 
RT In y to be independent of temperature. I carried out the same calculations 
for the lead-cadmium system and found a similar agreement between the figures 
of Taylor and those deduced from the phase diagrams. In the zinc-tin S3^stem, 
however, it was impossible to obtain agreement, even when using equation (ii; 
of Chipman and the values of the heat of mixing of Kawakanoi. I have therefore 
doubts as to the correctness of the measurements of Ta^’lor in this case. 

Another method of obtaining activity curves from a phase diagram is the use 
of a gap in miscibility. In that case the activity of a given constituent is neces¬ 
sarily the same in the two liquid phases -which are in equilibrium. The activity 
curves of constituents i and 2 are as shown in Fig. i. These activity curves can 
usually be represented by equations of the form « : 

log a. = + yiVj*» -f log iSTi . . . a) 

log = (p -f 1-5 y)JVia -f yiVi* -j- log iSTj . . . {h) 

The two activity curves are completety determined by the values of the para¬ 
meters (3 and y and the Gibbs-Duhem relation is implicit in these equations. 

In Fig. I the dotted lines represent parts of the curves which have only virtual 
existence. Now by writing : 

a'l = a\ and 

two equations are obtained which permit the calculation of the parameters 
P and y. The two activity curves are therefore completely determined if the gap 
in miscibility is known and if the activity curves can be represented hy equations 
such as (a) and (b), 

I applied this method to the Pb-Zn diagram using the data of Waring which 
were used also by Lumsden. The activitj^ of zinc in lead in the miscibility gap 
was found to be 0*94, checking exactly with Fig. 7 of Mr. Lumsden’s paper. 
However, the curve obtained on the lead side dihered somewhat from his curve 
and the activities weie higher. 

It is not certain whether equations as simple as {a) and {h) can represent the 
activities very accurately in the present case. The matter w’arrants further 
study and in this connection it would be ■worth while if Mr. Lumsden would explain 
bis method of calculation in more detail. 


Mr. J. Lumsden (Avonmouth) said: In a dilute solution, the thermod3mamic 
potential of the solvent, referred to the pure liquid, is given by the equation 

— I^A + . . . (i) 

■with and where is a constant for the partcular solvent A and solute B. 

Eqn. (i) is useful for determining entropies of fusion from depressions of freezing- 
points when there are appreciable deviations from Raoult’s law. When the pure 
solid solvent separa-tes, ■the following equation is satished, 

7" _y — A 5 + h _j. 1 • • . (2) 


where is the melting point of pure solvent A, T is the liquidus temp, for a 
solution conta ini n g a mole fraction of A, and AS is the entropy of fusion 
of A. Hence, by plotting. 


y =» — as a function of x = . 

there is obtained a straight line which intersects ■the axis » o at the point 

y « AS. 


^ Congr, Pure AppL Chem. (London, July, IQ47L 
» J. Amer, Chsm, Soc,, 1923, 45. 2865. 

* (^ 3 ) and (14). p. 44 in Hildebrand's SolubilUy o* Nan- 

ewtrotytes* 
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This procedure for calculating entropies of fusion, which has not been \\'ideiy 
applied to metals, has the advantage that the test of linearity provides an internal 
check on the accuracy of the experimental data. In practice, the scope for such 
calculations is limited by the lack of accurate data. Heycock and Neville carried 
out determinations in which lowerings of freezmg-points of metals were measured 
to O'Oi® c., and an examination of -fiieir results generally shows an internal con¬ 
sistency well within 0-05® c. for each binary S5rstem. For the same solvent "wnth 
different solutes, the results are very consistent in cases where solid solubility 
is negligibly small or where it is appreciable, but allowance is made for it. Further 
confidence in the accuracy of their results is derived from the fact that they 
give for the heat of fusion of cadmium 1500 cal./g.-atom, which may be compared 
with the calorimetric value of 1530 ± 70 reported by Kubaschewski and 
Huchler ’ For lead, similar calculations lead to a heat of fusion of 1090 
cal /g -atom, which is regarded as more accurate than any of the calonmetric 
determinations. 

Heycock and Neville measured freezing-point lowerings more accurately than 
their absolute temperature. Since the time of their work, interest in freezing- 
point lowerings, as such, has lapsed, and liquidus temperatures near the com¬ 
position of one component have been reported only as accurately as the tempera¬ 
tures themselves could be determined, that is, to the nearest i® c. or occasionally 
0*1® c. Such results caimot form a basis for the accurate estimation of heats 
of fusion. 

In eqn. (i), the parameter b may vary with temperature. Let 

6 = 60 —aT. .^3, 

where T is the temperature in ® k. Then the partial molal entropy and heat 
content of the solvent, referred to the pure liquid, may be written, respectively, 

5 A — Sa = R In -f aNi • • • (4) 

and • • • . (3^ 

Eqn, (4) and {5) are generally valid only for dilute solutions. With non-polar 
components of equal molecular volume, (5) is valid for all concentrations, provided 
that the two species are randomly distributed. It has sometimes been stated 
that for such solutions the entropy of mixing must be ideal. This, however, is 
not necessarily so, and, in the case of liquid alloys, non-ideal entropy of miving r 
is the rule rather than the exception. 

In liquid metals, the thermal motions are essentially vibrational, so that the 
vibrational partition functions of the solution and of tiie pure components have 
to be taken into consideration in calculating the entropy of mixing. Only if the 
effective mean vibration frequency in the solution is equal to the weighted 
geometric mean of those in its components will the entroi^ of mixing be ideal. 
Provided that the ratio of the characteristic frequencies involved is not large, 
this means that the ideal entropy of mixing is to be expected only if the rate of 
variation with distance of the force between a pair of unlike atoms is the geometric 
mean of those between the two pairs of like atoms. To explain the entropies of 
liquid alloys, it must be assumed that this simple geometric mean rule for the 
potential between unlike atoms is not generally satisfied except for closely 
similar metals such as zinc and cadmium. 

Sir Charles Goodeve Lo^idon) {communicated) : Kitchener, 

Bockris and Liberman measure the “ increase in lie activity ** of sulphur caused 
by the presence of carbon. Strictly speaking, they mean an increase at constant 
sulphur concentration. In their discussion they refer to “ the carbon and sulphur 
competing for iron atoms ...” It is suggested that the theory would follow 
easier if, in the first place, they said that at a given sulphur potential or activity 
Ihe ” capacity ” of iron for stdphur is reduced by the presence of carbon, a fact 
which follows at once from Fig, 5. 

Prof. J. Ghipman {Cambrige, Mass,) said: In addition to the published data 
on the activity of sulphur in liquid iron, etc., which Dr. Kitchener et ai. have 

^ Kubaschewski and Huchler, Monogra^ KWI MetaUf. (Stuttgart); Tech. Inf, Bur, 
TPA 3 (Translation No, CoDC/aofiT). 
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reviewed, there are two as yet unpublished researches which may be mentioned 
for the sake of comparison. J. P. Morris and A. J. Williams of lie U.S. Bureau 
of Clines, using a new technique, find for the ratio ^H,. % S at low sulphur 
contents and at 1615® a value of about 2-6 x io“*. This is somewhat lower than 
the “ carbon-free ” values reported by the authors for 1570® despite the higher 
temperature. The lower value is confirmed by the recent deiinninations of 
H. Elvander in the wTiter’s laboratory. This suggests that there may be a 
greater difterence between the carbon-saturated and the carbon-free ratios 
than that shown in Fig 5 and hence a greater effect of carbon upon the activity 
of sulphur. Morris and Williams also studied the effect of silicon and found that 
the activity coefficient of sulphur was about doubled by 4 % silicon; it was 
increased 5- or 6-fold by 9 %. This is a much greater efiect than that reported 
here for carbon. 

Dr. P, Herasymenko (Sheffield) said: The results of the work of Kitchener, 
Bockns and Liberman show that carbon increases the activity of sulphur in 
molten iron. One may expect that carbon will produce a similar effect on the 
activity of oxygen in steel. In the paper published last December in the J.Iron 
Steel Inst, I have shown -with data from the acid open-hearth furnace, that 
carbon increases the activity of oxygen. 

This result is in disagreement -with the deductions of Marshall and Chipman,® 
who thought that the activity coefficient of oxygen in liquid steel is lowered by 
carbon and, therefore, the product [C] [O] increased wdth increasing carbon 
content. The deductions of Marshall and Chipman cannot be, however, regarded 
as certain. 

These authors made their measurements on melts heated by induction in 
magnesia crucibles in a closed furnace at various pressures of (CO -|- COj) 
mixtures. After taking the gas samples for the determination of equilibrium gas 
composition, aluminium was added to the melt: the power -was switched off 
30 sec. after aluminium addition, and carbon and oxygen were determined in 
tihe solidified metal. During the time allowed for alu m in i um to mix thoroughly 
with the melt, the aluminium could react not only with oxygen dissolved in the 
bath, but also with iron oxide adsorbed and absorbed by the surface layers of 
magnesia crucible. The determined oxygen contents were probably too high, 
and, therefore, the conclusions of the authors on the decrease of tiie activity 
coefficient of oxygen in the presence of carbon are not convincing. (The conclu¬ 
sions with regard to the activity of carbon—derived from the same experiments 
and cited by Prof. Chipman in this Discussion—^w^eie not, of course, affected 
by the mode of killing the steel.) 

A re-investigation of the carbon-oxygen equilibrium is desirable. At present it 
seems to be safer to accept the equilibrium constant as derived by Vacher and 
by Phragmen and KaUing although even this value may be somewhat high at 
Mgh contents of carbon. 

Dr. F. D. Richardson (BJ.S.R,A., Londcyn) {partly communicated) : In 
connection with the papers by Prof. Chipman, and by Dr. Kitchener, Dr. Bockris 
and Mr. Liberman, I would like to call attention to the mutual efiects of various 
solutes in liquid iron. Fig. 26 and 28 of Prof. Chipmunks paper show that carbon, 
silicon and phosphorus increase the activity co^cients of each other when in 
solution together. Dr. Kitchener's paper shows that carbon increases the activity 
coefficient of sulphur markedly, and information is now available that silicon 
behaves in a siTnilar manner. On the other hand there is good evidence from the 
work of Prof, Chipman and his co-workers,* that carbon lowers the activity of 
oxygen. Further, the work of Zappfe and Sims indicates that silicon behaves 
in the same way. The similarity between oxygen and sulphur would, however, 
lead one to expect an increase and not a decrease in the activity of oxygen under 
these conditions. 

In seeking an explanation of these effects it is necessary to consider the manner 
in which these solutes exist in liquid iron. In the solid state, carbon in y-iron 

® Marshall and Ch^maxi, Trans, Atner, Soc, Met,, 1942, 30, 695* 

» Marshall and Chipman, Trans. Amer. Soc. Met,, 1942, 30, 695. 

*• Zappfe and Sims, Trans. Amer. Inst, Min. Met. Eng., 1942 (Tech. PabL 1948). 
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is present in the octrahedral interstices and is co-ordinated with six nearest iron 
atom neighbours. In molten iron, except for the general disorder peculiar to the 
liquid, its situation must be much the same and similar conditions must apply 
to other non-metallic solutes. If a pair of such solutes compete for the same 
octrahedral spaces, a mutual increase in their activity coefficients will result. 
If, how’ever, tiiey can become associated by entering into each other's co-ordina¬ 
tion shells, and if this associated state has a lower energy than that of the two 
atoms co-ordinated separately with the iron, a mutual lowering of activity 
coefficients will result. 

The elements which are likely to cause a decrease in this w-ay are those which 
are known to form stable associations under other conditions. On this \dew, 
the difference in the behaviour of oxygen and sulphur can be related to the 
stability of CO and SiO relative to CS and SiS. On the other hand, pairs of solutes 
w’hich carry charges of opposite sign -when present separately in solution, wnuld 
similarly be expected to associate, and pairs with similar charges to show the 
reverse efiect. It is of some interest, therefore, to consider from this standpoint 
also, the manner in which such solutes as carbon and oxygen are present in 
hquid iron. 

Dr. Kubaschewski has referred to the evidence which show’s that carbon exists 
in Y-iron as a positively charged entity,^^ or at least parts with an electron readily 
enough to migrate as a positive ion. It doubtless behaves similarly in liquid 
iron. Those properties of the carbon atom which have a bearing on this behaviour 
and have been determined are the ionisation energy and the electron affinity. 
These have, therefore, been tabulated below for carbon and the other atoms 
of interest here, the electron affinities quoted being the empirical extrapolated 
values given by Massey.^® 


Ionisation Energy (kcal.) 

C — 251 
Si —182 
P — 256 

O — 303 • • 

S — 231 .. 


Electron Affinity (kcal.) 
X-5^X- 

.. C 31 

.. Si — 

.. P 3 
.. O 85 
.. S 47 


Oxygen which has a much greater electron affinity and a greater ionisation 
energy than carbon should be negatively charged when dissolved in liquid iron, 
and should show a significant degree of association with the dissolved carbon. 
Similar considerations are likely to apply in the case of oxygen and silicon. 
For sulphur the values of the electron affiffities and ionisation energies are more 
similar to those of carbon than of oxygen, so that sulphur may be neutral and 
e\’’en positively charged, and should thus show no tendency to associate with 
carbon or silicon. 

In w^hichever way the results are regarded, I do not feel it is reasonable to 
endeavour to interpret this lowering of the activity coefficients of oxygen in 
terms of concentrations of CO and SiO which are supposed v,ot to influence the 
activity coefficients of those solute atoms which remain separate from each other. 
In so far as these associations axe themselves co-ordinated with considerable 
numbers of iron atoms, they must increase the activity coefficients of the 
remaining solute atoms and thus cause efiects which are rather more complex. 
This seems to be the most probable explanation of the failure of Zappfe and 
Sims to And sufficient oxygen in their melts to account for the SiO concentrations 
wrhich they calculated, on the assumption that the activity coefficients of the 
“ free [Si] and [O] were independent of the overall concentrations. 

Dr, J. White {Sheffield) said : In their paper Dr. Kitchener, Dr. Bockris and 
Mr. Liberman comment somewhat reproaddhilly on the fact that Dr. Skelly 
and I did not plot our results in a way which would have revealed the variation 
of the activity coefficient of the sulphur in the iron with sulphur content. At 
the time we regarded our data as incomplete and the experimental error uncertain 


u SeiQi and Kubaschewski, Z, Elehtrochem,, 1935, 41, 551. 
Massey, Negative Ions (Cambridge Univ. Press, 1938, p, 15). 
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due to the fact that the work had to be terminated prematurely when both 
Dr. Skelly and I left Glasgow. The paper was actually written early in 1943, 
though it was not published until 1947, and at that time, though we were aware 
of the non-ideality indicated by the form of the liquidus cun^e of the Fe-S 
system, we should, I think, have been rather hesitant to explain away the varia¬ 
tions in the constant by invoking a variable activity coefficient. 

We were also somewhat disconcerted by the rather large and variable &ilioon 
content which we found in our melts, and which, we suspected, was tending to 
raise the value of the constant. (Our constant was the reciprocal of that defined 
by the present authors.) Such an ehect is consistent with an increase in the 
activity coefficient of the sulphur in the metal with increasing silicon. Further, 
as examination of our results will show-, there was a general tendency for high 
silicon to be associated with low sulphur and vice versa, so that the change in 
the value of the constant with increasing sulphur content could, or so it appeared 
to us then, be attributed to the ehect of decreasing silicon content. In view of 
this we are naturally interested in the information just given by Prof. Chipman 
that, at higher concentrations at least, silicon does increase the activit}’- coefficient 
of the sulphur. 

We are particularly interested to find that the authors have adopted the 
technique of using a small metal bead in an even smaller reaction chamber than 
we used. If I have any criticism to make, it is that in allowing the gas to escape 
from the reaction chamber into the wider tube they will tend to promote sulphur 
deposition from the outgoing gases. In view of the difficulties associated with 
the use of Hj-HaS atmospheres we found that comparison of ingoing and outgoing 
gas compositions provided a valuable check on the performance of the apparatus. 
I do not suggest, however, that the validitj- of their data is in question because 
they have omitted to make such a check. 

Dr. J. A. Kitchener {London) said : Dr. Richardson has pointed out that, 
whereas carbon increases the activity" of sulphur, silicon and phosphorus in 
liquid iron, carbon and silicon appear to decrease the activity of oxygen. Prof. 
Chipman has referred to unpublished work in which sihcon has been found to 
increase the activity of sulphur. Accepting the observations on oxygen (although 
several speakers have questioned them), it is interesting to consider the structural 
cause of the ditterent behaviour of oxygen. 

Reduced activity in solution generally indicates tendency to compound 
formation. V^lien trw’o solutes, A and B, are dissolved in liquid iron the influence 
of A on B will depend on the relative “ affinities ” of A — B, A — Fe, and B — Fe. 
Where the last two are strong compared with the first, then A and B will compete 
for iron, and this will result in a ** repulsion of one another (as in Fe — S — C). 
Where the affinity of A for B is larger than that of A and B for Fe, there \rill 
be a reduction in activity of both. It seems plausible to suppose that this is 
so for the pairs C — O and Si — O. The stability of fayalite (FejSiO*) strongly 
supports Ihis view. Dr. Bockris points out that the structural cause of Qie 
diHerence is probably the small size and high electronegativity of oxygen. 

The final answer to Dr. Richardson's question can only come from a more 
detailed knowledge of the structure of these semi-metallic solutions. This leads 
to the point raised by Dr. Anderson, who thinks that an ionic model for sulphides 
(such as that discussed in our paper) is dubious. The precise extent of electro- 
valency and covaJency even in pure crystals is, of course, at present uncertain. 
No doubt sulphides are “ more covalent ” than oxides, but since most salts are 
supposed to lie somewhere between the two extremes, and since evidence 
releired to in our papers indicates that many such melts are probably electrolytic 
conductors, we ate justified in using ions as a very reasonable and prominent 
canonical structure in discussing the behaviour of sulpMde melts. The problem 
is complicated in the present system by the fact that Fe-FeS mixtures are 
partially metallic and partially ionic—^a ty^ of system which appears to have been 
little studied in the past. 

In reply to Dr. Aziderson, although the solutions used in our work contained 
only a few per cent, by weight of solute they were, in fact, relatively concentrated 


1* FauUng, Nature of the Chemical Bond^ 
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o'v\ing to the disparities in atomic weights. Thus, 5 % carbon in iron corresponds 
to 20 atomic %, and it already reduces the activity of Fe to o*6 compared wth 
unitj^ for pure Fe. It might be a useful practice (as has been recommended to 
me by Prof. Guggenheim) for authors of papers of this kind to always present 
tables or graphs of data with both weight and atomic percentage scales. 

We thank Prof. Chipman and Dr. WTiite for their remarks. In reply to the 
latter, we were not interested in anatysing the exit gas in our experiments as 
the use of a carbon capillary tube as irdet ensured a rapid (Imear) rate of 
streaming, thus eliminating thermal diftusion and reaction -vvith sihcate refrac¬ 
tories. In this way we could be confident that the sample was bathed in a gas 
mixture identical with that entering the furnace. 

We concur with the remarks of Sir Charles Goodeve, and can now add (from 
recent results) the parallel statement that the capacity of hquid iron for carbon 
(i.e., solubility) is reduced by the presence of sulphur—as predicted in our paper 

Dr. O. Kubaschewskl (Teddtngton) {communicated) : Mr. Lumsden's paper 
represents doubtless the best and most detailed evaluation of the phase boundaries 
and thermodynamics of the system under consideration. A similar evaluation 
has been carried out recently by Scheil.^* Using only the data of Haas and 
Jellinek for the miscibOily gap he obtained a curve for the heat of nuxing 
which agrees very well with I^wakami’s values except for the composition 
A’zn “ O'O?. Waring*s curve for the miscibility gap may, however, be more 
reliable. It must be emphasised that the direct experimental determination of 
heats of formation of aUoys is subject to an appreciable error even with the 
best techniques at present available. Some work of this kind has been carried 
out at the KWI, Stuttgart, where it %vas generally assumed that the limits of error 
were db 6 % for heats of formation of the order of 2000 cal For smaller heal 
effects the percentage error is even higher. We may accept Kavrakami's results 
as being correct within 100-250 cal. (in case of alkali metal aUoys they are 
higher). The calculation applied to the lead-zinc alloys should be more accurate 
than the determination. Calculation, however, often involves assumptions 
concerning ideal behaviour which ma}’ also involve an appreciable error. It 
must be emphasised that the accuracy of thermochemical data is much too often 
o^‘erestimated and thus causes scepticism toward thermochemical calculations 
among those who wish to apply the data to practical problems. 

Concerning the heat of fusion of zinc, the value given (1740 cal /g.-atom) is 
in very good agreement wdth the value 1720 cal. which we determined recently 
by heat content measurements. For that of lead I should stiff prefer the mean 
value 1190 i 30 cal./g.-atom obtained from good calorimetrical and other 
measurements, instead of the value 1080 derived by Lumsden from freezing-point 
lowering. The latter method is valid only under conditions of ideal behaviour, 
and is very sensitive toward inaccuracies in the temperature measurements. 

Dr. R, M, Barrer iJLondo^i) said : Gases and metals may react to give oxides, 
sulphides, nitrides and the like which show little or no structural or chemical 
siinilaritj’ to the parent metal. The properties of such compounds are of major 
importance in chemistiy and metallurgy. 

The present paper, however, describes a less well-known association between 
non-metal and metal, which is also important in some metallurgical processes. 
If the non-metaUic element is small enough, it may enter the interstices of the 
metallic crystal without destroying its metallic conducthity and without greatly 
modifying the original arrangement of the atoms in the metallic crystal. 

The properties associated with some of these interstitial solid solutions, in 
both equilibrium and kinetic aspects, merit close attention and much remains to 
be done before any full understanding of them is obtained. At least two general 
criteria for their formation exist: 

(1) a suitably small radius ratio of non-metaffic element X to metallic element A, 
to enable X to fit interstitiaffy in the metallic lattice ; 

12) a reasonably small difference in electronegati\’it3^ of X to A so that electron 
transfer and the formation of ionic lattices is not preferred as the more stable 
state 


Scheil, Z. Elehtrochem., 1943, 49, 250, 
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Our knowledge of the bond in these metallic interstitial solutions is imperfect; 
as indeed is understanding of the metallic bond in general. Thus the current view 
of a metal crystal as a set of positively charged ions in a sea of conductivity 
electrons, w’hile able to explain some features of metal physics, seems less suited 
to explain the great hardness, refractivity and chemical inertness of some 
metallic crystals. Accordingly a “ chemical ” theory of the metallic bond, due to 
Pauling, has been referred to in discussing the bond in what are often quite 
extraordinarily hard, high-melting, inert but electronically conducting interstitial 
solutions. It is an obvious task of metal chemists to go beyond the phenomenology 
and thermodynamics of metal behaviour and attempt interpretations here as 
in other domains of physical chemistry. 

Equilibrium between gas and metal can be satisfactorily formulated by 
statistical methods in favourable cases; it must be emphasised that, as yet, 
this formulation introduces the energy of solution without describing its origin. 
Therefore it offers so far no comment on the nature of the bond. It is, however, 
found that where the element X is diatomic in the gas phase it exists as discrete 
atoms in the metallic interstices, in which the atoms behave as oscillators. 

Energy fluctuations endow the oscillator at times with enough energy, E, 
to render it mobile, so that if a vacant interstice is present adjacent to it, it 
may move to the vacant site and so diffuse slowly from point to point. The 
chance that an adjacent vacant site occurs is (i — 0), where 0 denotes the fraction 
of all available interstitial sites occupied by atoms X. Then in an ideal ♦ interstitial 
solid solution the difiusion coefficient D, for X, will be governed by tr^’O laws : 


D = Doe-^/R^ (law of temperature dependence) 

D = 2 ?i(i — 0 ) (law of concentration dependence). 


The first law has been abundantly verified. The second law holds for some 
gas-zeolite systems (which provide a very simple type of interstitial solid solu¬ 
tion) ; but Mttle e\’idence yet exists to test it for metallic interstitial solutions. 
Owing probably to departures from the ideal the C-Fe system does not appear 
to follow the concentration law, although D does depend on the carbon content. 
Concentration dependence of D requires generalisation of the diffusion equation 

to S further one may assume that free-energy gradients 


produce diffusion 
;ir-direction 


and give as the fundamental diffusion equation in the 
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(a = activity). 

In this field, and in the allied field of diffusion in multi-component systems, little 
quantitative progress has been made, although much interest must attach to 
comprehensive determinations of the concentration dependence of D in alloy 
systems. 

Among the complicating factors arising when gases diffuse in metals are slow 
phase-boundary reactions which may govern the rate of permeation through the 
metal, if the transport of gas through file surface layer is slower than interstitial 
diffusion within the met^. Possible phase-boundary processes have therefore 
been formulated and a description has been given of one line of approach to 
determine whether it is these processes or (ffffusion which set the tempo of 
permeation through metallic membranes. In this field, as in others referred to 
earlier, results are so far incomplete. There eventually may prove to be a relation 
between slow surface processes and catalytic activity, for both in turn depend 
upon the previous history of the surface, the presence of poisons and the degree 
of sintermg of the surface. 


Mr. K. H. Jack {Cambridge) said: In discussing the conditions for formation of 
interstitial phases, Dr. Barrer points out that expansion or distortion of the 
metal lattice is likely for radius ratios above 0-41, but according to accepted 


* In the sense that mtroducing the interstitial atom causes a negligible distortion 
in the pax^t metal crystal. 
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views/^ * expansion also occurs when the radius ratio is less than 0*41. Whatever 
the value of the radius ratio, it is a necessary condition for the existence of an 
interstitial phase that the non-metal atom occupies the particular type of inter¬ 
stice, tetrahedral or octahedral, in which it can maintain contact with its metal- 
atom neighbours. In general, the non-metal atom is larger than the available 
interstice of the undistorted metal-atom lattice, so that when this interstice is 
occupied the metal atoms are forced apart and, even in an “ ideal ” interstitial 
solution, they no longer remain in direct contact with one another. This point 
is important since it implies that there is a strain energy contribution to the 
free energy of each interstitial phase. 

There is a gradual increase in unit cell dimensions as the interstitial atom 
concentration increases. The limit beyond which a simple metal-atom lattice 
cannot be expanded was found empirically by Hftag to correspond with a critical 
radius ratio of 0*59, using the ordinary covalent values for the radii of the inter¬ 
stitial atoms. An attempt to justify theoretically a hmiting value of 0*59 is not 
consistent with values of radius ratios given in Table I of Dr. Barrer’s paper, 
since if these latter are used, the observed limit is not less than 0*63. In any 
case, I do not know of any interstitial phase which has a special structure where 
the non-metal atom has a co-ordination number 7 or 8. For example in cementite, 
where the critical radius ratio is exceeded and which has a complex structure, 
a co-ordination number 6 is still maintained. 

Nature of Interactions between I^Ietal and Interstitial Atoms. —In the 
Pd-H system, Coehn and Spechtt^® observed qualitatively the presence of cationic 
hydrogen, while in a quantitative investigation Duhm obtained a value -i-e/500 
for the average charge on each hydrogen atom. A mistake in calculation was 
subsequently pointed out ^ ® which on correction gave a value +C/25. Considering 
that the movement of positive hydrogen will be retarded by the metallic electrons, 
this evidence for the existence of cationic hydrogen in Pd cannot be neglected. 
Lacher suggests that the dissolved hydrogen is almost completely ionised, the 
electrons going into the 4d shell. To account for the existence of a hydrogen-rich 
and a hydrogen-poor phase in equilibrium (i.e., the existence of a miscibSi^ gap 
below a critical temperature and below a critical hydrogen pressure), it is not 
necessary to assume as Lacher did that ** the protons with tiieir compensating 
atmosphere of negative electrons must attract each other according to some 
unspecified law of force.** The problem is the general one of uphill diffusion to 
which Dr. Barrer refers in his final section.t®^* An interstitial atom or a substi¬ 
tutional solute atom distorts the metal-atom lattice, and one solute atom strains 
a relatively large number of surrounding unit cells of metal atoms in which 
solute atoms are absent. At a given concentration, the strain energy wiU be a 
maximum when the solute atoms are widely dispersed but may be reduced if all 
the expanded solute-containing unit cells occur as one crystal and all the solute- 
free unexpanded cells form a separate crystal. In other words, the strain energy 
is one of the factors which might explain why a two-phase system (e.g., a and 
p Pd-H; a and a' Fe-Cu-Ni) is of lower free energy under certain condition 
than a one-phase system. With increasing temperature, thermal energy wffl 
reduce the relative strain energy contribution so that the miscibility gap will 
shorten until it disappears at a critical temperature when the normal tendency 
for solute atoms to achieve maximum separation becomes dominant. This is 
exactly what is observed for Pd-H and for Fe-Cu-Ni. 

Fowler and Smithells consider that hydrogen dissolved in Fe, Co, Ni and Cu 
is present in the form of protons, the extra electrons being distributed with 
the metallic electrons in the usual bands. It is inferred in the present paj^r 
that Pauling’s conception of metallic binding can be applied to interstitial 
alloys. Such a conception of resonating one-electron or two-electron bonds is 
merely another way of expressing the older idea that the valency electrons are 
shared between all the atoms. It does not invalidate the simple conception that 
a metal can be regarded as an array of positive ions held together by attractions 


Duhm, Z. Physih, 1935, 95, 801. 

Numbered references in parentheses are those given in Dr, Baixer’s paper. 



120 


GENERAL DISCUSSION 


to the common system of negatively charged electrons.^® Both concepts are 
probably equally crude. By applying Pauling's ideas to interstitial alloys we 
imply that the bonding between metal and non-metal atoms is the same as that 
between metal atoms. If this is so, then equally well we can consider the inter¬ 
stitial atoms to behave like metal atoms. That is, they contribute electrons to 
the free electron gas and behave as if they carry some positive charge. Since 
only those metals with incomplete d shells form true interstitial alloys, it is 
possible that the electrons contributed by the interstitial atoms are shared 
betv'een these d “ holes ” and the free electron gas. The electron contribution 
by the non-metal and the proportion going into the d shell will both vary from 
system to system, which might account for the wide variation in properties 
among interstitial structures. I have attempted to apply Pauling’s calculations 
for determining bond lengths in the systems Fe-N, Fe-N-i, Ni-N, Ni-C, Ni-N-C 
and Ti-C, so far without success, and I feel that their unmodified application 
to all classes of interstitial structures is impossible. 

Rundle states tliat uranium hydride (UHj) is unique and “ in no sense of the 
word can it be thought of as an interstitial solution.” Metal-metal bonds of any 
strength are almost completely lacking so that UHg cannot be compared with 
an interstitial hydride. 

Concentration Dependence of the Inteieistitial Diffusion Coefficient.— 
Because the observed variation of difiusion constant with concentration for 
carbon in y-iron is not in agreement with eqn. (i8), it cannot be argued that 
austenite is not an ideal interstitial alloy. Data of Wells and Mehl were obtained 
under experimental conditions such ihat only austenite was present, and so 
consideration of possible complications due to ferrite, martensite or cementite 
is uimecessary. The strain factor described above might explain, however, the 
observations. The carbon atoms of austenite expand not only Ihe interstices which 
they occupy but also many of those which are vacant. It will be much easier 
for a carbon atom to move from hole to hole where these holes are already 
expanded by the presence of neighbouring interstitial atoms. Hence, the difiusion 
constant wiU increase with concentration. In a similar way, the presence of 
foreign atoms such as Mn and Ni wdll distort the lattice and increase the difiusion 
constant of carbon, in agreement with observations. Moreover, difiusion constants 
of Ni and hin in y-iron increase with increasing Ni and Mn concentrations. Ni 
and Mn form substitutional solid solutions, but at low concentrations of solute 
the argument applies equally to both t5q>es of solution. With increasing solute 
concentration ^e proportion of a\"ailable unoccupied interstices (i-0) may 
become an increasingly important factor in the case of interstitial solutions, so 
that we might expect the difiusion constant to increase at first and then decrease 
at high concentrations. In the above examples, which are the only metal 
systems so far studied, the maximum solute concentration is not large enough 
to test the validity of this idea. 

Dr. R. M. Barrer {London) {communicated) : Mr. Jack’s opinions as to the 
nature of the bond are well-known standard \dews based on the Bloch theory of 
metals. Until recently this was the only treatment possible, but as I have 
explained, one may now develop a second theory based on Pauling’s idea of 
the metaliic state which seems better suited to explain such physical properties 
of interstitial solutions as their hardness and refractivity. A similar point of 
view has been developed independently and in greater detail b^’ Rundle for 
interstitial carbides, nitrides and oxides of composition MX, in a paper which 
has appeared subsequently to my contribution to this Discussion. He has shown 
a number of advantages of the resonating electron-pair bond theory as a means 
of describing these phases. 

It is not possible to sustain a view of dissociation of interstitial H-atoms into 
free electrons and protons on any existing data, for if the association between 
so-called screening ” electrons and protons is so intimate that the effective 

See Hume-Rothery, Atomic Theory for Students oj Metallurgy (The Institute of 
Metals, 1946), p. 147. 

Acta 1948, 1, 180. 
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chaise on the proton is only 0-04 of the normal charge then it is meaningless to 
speak of the H-atoms as dissociated in the usual sense. 

Strain energy is a part only of the normal interaction energy when the primary 
X-A bonds form. Sbrain energy must not be considered separately from entropy 
and other energy effects which together give the free energy of formation which 
alone determines the stability. Whether strain energy could account for the 
formation of a- and p phases in H-Pd is, at present, speculative. 

As regards the concentration dependence of ttie diffusion coefficient, it may well 
be that few, if any, metallic interstitial solutions are ideal in my sense of showing 
no expansion of the metallic lattice -when the atom X enters it. In this case 
the effect of expansion upon the diffusion coefficient is a general factor, as well 
as the factor (i — 0 ) due to increasing concentration of interstitial atoms. It 
must be left to subsequent measurements to reveal the interplay of these factors. 

Dr. J. 0 *M. Bockris (London) (commitmcaied) : In connection with the 
remarks of Barrer and of Jack on the Pd-H systems, it may be noted that 
Fnimkin and Aladj alowa have recently appUed hydrogen overpotential charging- 
curve measurements to the systems and have been able b}’- this means to examine 
phase transitions. Herringshaw, Bockris and Fleischmann are investigating 
several metal-gas systems by a similar method at Imperial College. 

Mr. D. W. Hopkins (Swansea) (communicated ): The paper by Kitchener 
and Bockris will be received by experimentalists wishing to study reactions at 
temperatures over 1600® c. as a substantial contribution to knowledge. The full 
and lucid description and directions for operating enhance the value of the paper 
by making it of immediate practical value. It is felt, however, that more can be 
said in favour of the commonly installed high-frequency furnace—35kva, 20,000 
cycle, spark-gap oscillator. The dimensions and frequency limit its use as installed 
to a minimum size of charge roughly equal to a i in. diam. bar of metal, if 
the usual refractory crucible is used, but this minimum can be lowered if the 
material to be melted is contained in a graphite crucible, or a special refractory 
crucible within one of graphite. But there is a minimum size here also and there 
are difficulties due to the reducing atmosphere. A considerable improvement 
may be effected by replacing the normal sillimanite crucible by an alumina 
tube of 4 in. bore which has an internal liner of graphite i in. thick and 6 in, 
long. An inner alumina tube may be heated by this means to 2000° c. with a 
controlled internal atmosphere. For very small charges, in our case of the order 
of 0-125 ill- diam, and 3 in. long, we have constructed auxiliary heating coils 
of copper tube which are 2-2*5 in. diam. and 4-6 in. long. They contain 15-25 
turns of 0*25 in. diam. tube around the silica sleeve which, in turn, contains an 
inner alumina tube, insulated by zirconia powder. Small coils of tiiis kind will 
not resonate unless placed in series with the main coil and there is a maximum 
electrical capacity, equal to about a quarter of that of the main coil, above 
which it is not possible to operate. From the above, it may be seen that charges 
weighing from a few grams to 18 lb, can be handled with little trouble and 
trifling expense, while retaining all the advantages listed by the authors. 

Dr, O. Kubaschewski (Teddingion) said: Dr, Kitchener and Dr. Bockris 
point to the limits of usefulness of platinum furnaces above 1500® c. due to a rapid 
evaporation of platinum. Actually this becomes dangerous even below 1500® c. 
It should be emphasised that this loss of metal is not due to the evaporation of 
pure platinum; the vapour pressure is only io~* mm. Hg at 1700® c. Platinum 
however, tends to form gaseous oxides, the formation of which results in the loss 
of melal. This oxide formation becomes noticeable at 1100® c. and increases 
rapidly above this temperature. It has been confirmed frequently that platinum 
evaporates in presence of air or oxygen but does not do so in pure nitre^en or 
argon. Therefore one should recommend the complete exclusion of oxygen from 
contact with the winding in platinum furnaces. Then, howe\'er, there is no 
greater advantage to molybdenum furnaces. 

Ada Physicochint., I944» xg, i- 

e g., FrSblich, Degussa Mdal&erickt, 1941, xog, 112, 123. Schneider and Fsch, 
Z. Blehtfochem.^ 1943* 49, 55. 
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Mr. L. R. Barrett {Lcnido^ said : I should like to offer the foUowing points 
for consideration. One of the greatest needs in high-temperature research is 
for controllable high temperatures in oxidising conditions. These conditions are 
not easily attainable above about 1600® c., because a refractory tube impermeable 
to hydrogen is not available to separate the hydrogen atmosphere necessary with 
molybdenum and tungsten furnaces. 

Are the long periods of running-in of molybdenum tubes furnaces really 
necessary ? No one seems to know whether this requirement is occasioned 
b^’ the alumina tube or the molybdenum wire. 

Dunng the last fifty years, there seems always to have been a hope that some 
unfamiliar refractory w’ould solve all problems if only it were more readily 
obtainable. Such hopes seem bom to wilt under examination of each of the 
refractories in question. A fairly recent survey by Birch *0 of the refractories 
available for use above 1800® c. led to the conclusion that alumina, magnesia 
and zircon (and carbon) were the only practicable propositions. 

In furnace operation it is worth pointing out that when the overall cost of 
installation and operation is considered, there is not much to choose between 
platinum alloy windings and molybdenum. Furthermore the high initial cost of 
platinum is offset by its recovery value. The chief disadvantage of platinum 
alloys as against molybdenum is that the former cannot economically be used 
above about 1500® c., w’hereas the latter is only limited by the refractory tubes 
available. 

Dr. J. White {Sheffield) said : In connection with the paper by Dr. Kitchener 
and Dr. Bockris, I used molybdenum-wound furnaces in Glasgow from 1931 
onwards. The first furnaces had been constmcted by Prof. Higgins some years 
earlier, and the technique used was inherited from him. Each worker made his 
own refractory tubes from alundum cement and wound them himself. Our fur¬ 
naces w'ere certainly not treated with the excessive care described by the authors. 
Normally we took about one and a half hours to reach 600® c. from cold, otherwise 
we tended to get explosions on reaching the ignition range of hydrogen-air 
mixtures (possibly due to the presence of pockets of air which had not been 
swept out). Thereafter the current was kept at its maximum safe value—about 
30 amp. with our windings—enabling us to reach 1600® c. in about 3 hr. from 
starting. No special precautions were taken during the first heating of a new 
furnace. Failures due to the refractory rarely if ever occurred, and I have known 
windings to last over a year in fairly continuous use. Our maximum temperatures 
were, however, rather lower than that quoted by the authors being generally 
of the order of 1650® c. though on occasions we exceeded 1750® c. 

The construction of our furnaces differed slightly from that described by the 
authors in that -we placed a second alundum tube of wider diameter around the 
actual furnace tube. This kept the insulating material from the furnace tube 
and provided an annular space into which the incoming gas (cracked ammonia) 
was led so that it passed directly over the winding. With this arrangement 
there would appear to be less chance of oxidation of Ihe winding due to retention 
of air or moisture by the insulation. There is, of course, some sacrifice of insulation 
and we used to compensate for this to some extent by covering the winding 
with a fairly thick layer of alundum cement. 

One other point in connection with the use of these furnaces should, I think, be 
mentioned, namely, that the resistance of the winding increases some seven times 
between room temperature and 1600® c. It is, therefore, necessary to start with 
a low voltage across the winding and to increase this progressively as the 
temperature rises. 

Regarding the use of platinum-base thermocouples or windings, as mentioned 
by the authors, these will pick up silicon in a reducing atmosphere if they are 
in contact with refractories containing silica. What is perhaps not so well known 
is that even sxnaU amounts of sulphur in a reducing atmosphere will cause 
platinum to pkk up silicon from siliceous refractories not in direct contact with it 
due to formation of volatile sulphides of silicon,*^ The mechanism is apparently 

•® Ohio State Univ, Eng^ StaHon News, 1945, 17, (4)3. 

/. Iron Steel Jn^., 1947, 155, 213. 
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similar to that by which the pick-up of silicon by liquid iron described by Skelly 
and myself occurred. A low-melting platinum-silicon alloy is formed. In an 
industrial application, I have known platinum thermocouples to melt at tempera¬ 
tures below 1450® c. due to this cause after cracking of the refractorj’’ sheath. 
In the laboratory I once had it occur due apparently to volatilisation of sulphur 
from rubber bungs which had been allowed to become rather hot. 

With regard to the paper by Mr. Dastur and Prof. Chipman, I have never 
been quite clear as to why the use of a preheater in the manner described for the 
pre\’ention of thermal diffusion should also have been effective in preventing 
sulphur deposition from Hj-H^S mixtures as described by Chipman and Ta Li *®. 
Ske% and I always got sulphur loss when we used a wide reaction tube \rith cold 
ends, even when we introduced the gas directly to the hot zone by lengthening 
the inlet tube. We overcame this trouble by using a relatively small reaction 
chamber placed entirely in the hot zone of the furnace, and by using nanrow 
inlet and outlet tubes so that the gas entered and left the chamber at a relatively 
high velocity. Only then did we get good agreement between the analyses of 
the ingoing and outgoing gases. 

Mr. J. H. E. Jeffes London) {communicated ): I should like to add 

one or two points to the paper of Kitchener and Bockris which are possibly of 
interest to workers in this field. The carbon tube resistance furnace is not really 
open to all the criticism levelled against it here. In practice the same kind of 
protection from oxidation as is used for molybdenum can be employed, and a 
uniform temperature zone can be closely approximated by judicious shaping of the 
walls of the tebe, so that they liave a greater resistance per unit leng^ at the ends 
than in the middle. This is precisely analogous to the common practice of winding 
resistance elements more closely at the ends than in the middle, in order to 
counteract end-losses. The most serious actual disadvantage is the heavy amper¬ 
age usually needed by these furnaces. 

In the section on temperature measurement, no mention is made of resistance 
thermometers. Since the automatic control of furnace temperatures above 
1600® c. is very desirable, some preliminary experiments have been made in the 
B.I.S.R,A, Chemistry Laboratories on the use of a molybdenum resistance wire 
for this purpose. The high-temperature coefficient of resistance of molybdenum 
lends itself to this purpose, and a valuable safeguard against overheating existe 
in that any corrosion of the element, or discontinuity in its electrical circuit 
will result in a lowering of the furnace temperature under the action of a con¬ 
troller, whereas a thermocouple-controlled furnace will always tend to run away 
when the thermocouple is contaminated or its circuit broken. This thermomet^ 
could be adapted as an absolute instrument by attaching two leads to each end 
of the element and measuring the lead resistance at high temperatures by 
combination. A molybdenum resistance thermometer could be electrically 
annealed in hydrogen just below its melting point in a m a n ner analogous to that 
described by Chipman for tungsten-molybdenum thermocouples. 

Lastly, I believe that a new type of base metal resistance heating element has 
recently become available in this country. It is coated with a layer of aluminium 
metal which oxidises to a coherent film of alumina on heating, and enables the 
element to be run in air for long periods at 1350® c., at which temperature any 
normal base metal element would be rapidly oxidised. 

Dr. J. 0 *M, Bockris {Lond(yn) {J>arily communicated) : We thank Mr. Barrett 
fear pointing out that our paper gave fhe impression that BN might be a gener^ 
panacea to refractor}* troubles. No such impression was intended. However, it 
is worth mentioning that it is unattacked by molten Fes04 and has been 
produced commercially. The examination of the refractoty propertes of other 
nitrides seems desirable, e.g., silicon nitride. If availability is taken into account, 
then only three refractories need be considered at present for temperatures above 
1800® c., fused alumina, magnesia and zircon. A considerable number of sub¬ 
stances have softening points above 2000® c. and the following may be mentioned 

** Trans, Amer, Soc, Met,, 1937, 25, 435. 

••Mellor, Inorganic and Theoretical Chemistry (London, 1928}, VoL VIII, p. in. 
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as potential refractories -with softening or decomposition temperature above 
2500® c.: berj’Uia, zirconia, hafinia, thoria, nitrides and carbides of titanium, 
tantalum and zirconium and some borides of the transition elements. 

The long time given for running-in the alumina tubes of the authors* molyb¬ 
denum furnaces is a result of experiences gained using a shorter time. It must 
be pointed out that authors who claim this initial treatment of the tube is 
unnecessary usually do not use their tubes above 1650® c., whereas the tubes 
referred to by the present author are brought regularly to 1800® c. 

It is comparatively easy to deal with the deterioration of alumina when it is 
used up to temperature of only 1650® c., a contention supported by the fact that 
alumina tubes suitable for this temperature can easily be made in the laboratory, 
whereas the manufacture of satisfactory alumina tubes for use at 1800® c. is a 
difficult task. The essential points in the long running-in period are the eliminatioii 
of water, the slow expansion of the alumina which is about 0*9 % over the range 
0-1800® c. and the corresponding sintering process for tubes of Morgan’s 
Triangle R Brand. 

In view of the remarks of Dr. White and Mr. Barrett concerning the “ excessive 
care ” with which the present author and his colleagues treat tiieir furnaces, it 
is noteworthy that refractory and furnace manufacturers recommend 100 hr. 
for running-in rather than the 80-90 hr. used by the author for Morgan’s 
Triangle R alumina tubes. 

Regarding Mr. Barrett’s remarks concerning controlled atmospheres and 
suitable impervious inner tubes for these, fused alumina is very satisfactory" up 
to at least 1800® c. ; fused beryUia may also be of use here. Zircon tubes, though 
permeable to hydrogen, are more economical to use for inner tubes when a small 
amount of didusion is of no account. More attention should be paid to micronised 
zircon as a very useful general refractory resistant to many acid (non-ferrous) 
slags ; it is staWe to 1900® c. in hydrogen and to 2400® c. in an oxidising atmos¬ 
phere, It cannot, unfortunately, be used as a furnace tube for resistance wire 
owing to the high electrical conductivity 

The ideal of those interested in the construction of electrical resistance furnaces 
is to be able to produce a temperature of 2500® c. in air and it seems profitable 
to pursue research in this direction with the aid of zircon tubes, which have a 
comparatively high electrical conducti\"ity and vrhich, therefore, could be used 
as the heating resistors. It remains to devise a satisfactory arrangement for the 
initial heating of this tube to a temperature at which sufficient conduction for 
heating purposes occurs. 

The author has successfully used nitrogen-hydrogen mixtures of high nitrogen 
content as atmospheres in molybdenum resistance furnaces. Apart from the 
diminution of reducing properties, compared with hydrogen, these mixtures have 
the advantage of being non-explosive. The furnace is flushed with pure hydrogen 
after the measurements are completed to reduce any molybdenum oxides formed. 
In coimection with oxide formation, it is necessary to eliminate from the furnace, 
water, which otherwise attacks molybdenum to form the volatile oxide MoOa. 
Two conditions reduce the water content in the furnace : (i) the use of calcined 
alumina of coarse grain size (sandy in appearance) in the insulating powder of 
the furnace ; any caking of the alumina powder indicates the presence of an 
undesirably high water content; (ii) a long heating-up period before carrying out 
measurements, particularly in the period following upon the introduction of a 
new furnace tube, when the cement contains much excess water. 

We agree with the remarks of Mr, Hopkins on induction furnaces. What 
we wished to underline in our paper was that {a) molybdenum and tungsten 
resistance wire furnaces were suitilble and efficient for many purposes up to about 
2000® c.; and therefore that in view" of the considerable d&erence in cost were 
generally preferable to induction furnaces except in cases where these must 
be used ; (fr) in some experiments the rapid rate of heating and cooling which is 
often a chax^teristic of an induction furnace and in many types, the difficult^" 
of satisf^tory temperature control was undesirable. 

Dr, Kubaschewski’s remarks on the evaporation of an oxide of platinum 
claxifi^ a point which wre should have made more clearly in our paper. The 
oadde is unstable and decomposes on cold parts of the furnace to yield platinum. 
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Whether this evaporation is considered dangerous at 1500® c., however, clearly 
depends on the thickness of the winding and the value of platinum. With com¬ 
mercial types, lives of 200-1000 hr. (depending on the thickness of the winding) 
at a temperature of 1250°-!500® c. in air are usual and this seems satisfactory 
enough.* 

With regard to Pt in SiOg, w’e can support Dr. "V^Tiite’s remarks ; in a reducing 
atmosphere we have found that platinum electrodes which we attempted to use 
for conductivity measurements formed with silicon an alloy w^hich melted at 
about 1400® c. 

The problem of a refractory resistant to molten FeO is still unsolved. A 
number of measurements can be carried out in Fe crucibles, w^hich are usable 
up to about 1400® c., a sufi&cient temperature, for example, for a fairly extensive 
examination of the system FeO—SiOg,®* The principal property needed in a 
refractory for FeO is, in addition to the absence of a eutectic wnth FeO, a low 
rate of diffusion into the refractory. MgO, one of the most likely choices, is 
fairly rapidly attacked, and can only be used for some t3rpes of experiments in 
induction furnaces, where the time during w'hich the melt is at high temperatures 
is very short.*® The potentialities of fused refractory materials in resisting FeO 
does not seem to have been investigated systematically. If they are found 
unsuitable it may be necessary to resort to more novel means, e.g , to attempt 
some arrangement in which a “ cup of molten FeO is formed in a block of 
externally cooled solid FeO by arc or infra-red heating. Molten Fe seems a 
probable electrode material. 

Dr. F. D. Richardson {BJ^S.R.A., Londoti) said : I feel it important that 
besides quoting the dimensions of their inlet preheating tube, ]Mr. Dastur and 
Prof. Chipman should report either the minimum flow-rate at which they found 
no difiusion error, or the minimum rate they actually employed in getting 
reproducible results. Their system of adequately preheating the gas does not 
necessarily eliminate the thermal difiusion error, it merely transfers the expected 
upper concentration gradient in the apparatus to a point nearer the gas inlet. 
The concentrations of hydrogen and water vapour at the crucible wdll only be 
equal to the ingoing and outgoing concentrations, if the flow rate is too fast to 
allow any significant concentration gradient to be built up and maintained. It 
is hardly necessary to summarise the reasons for this view since Darken and 
Gurry have already analysed the problem of thermal difiusion in a vertical 
furnace tube under steady conditions, where the inlet and outlet gas mixtures 
have the same composition. 

Mr. J. H. £. Jeffes {BJ,S.R.A„ Londo^i) \commimicated) : I would like to 
suggest, as a slight further development of this excellent preheating technique, 
that a cross-piece of platinum wire stretched across the bottom of the preheater 
tube would provide a rapid method of checking the gas temperature, since, 
when viewed through an optical pyrometer, this cross w’ould disappear against 
the liquid metal background w^hen the gas was at the same temperature. This 
would enable the preheater current to be easily adjusted to its best value. 

When they were makiTig experiments near to the saturation value of oxj’-gen 
in liquid iron it is presumed that the authors may have experienced some attack 
of their alundum crucibles by liquid FeO. This point has also been raised by 
Kitchener and Bockris in their paper on practical methods of invesrigating high- 
temperature reactions, where they mention the di&culties of avoiding attack on 
refractories when dealing with slags with a high FeO content. This problem was 
very ele^ntly avoided by Taylor and Chipman in their researches on the liquid 
iron-liquid iron oxide system in 1942, by the use of a rotating crucible. More 

»* Wejnarth, Trans. Ekarochem. Soc., 1934, 6 $ (preprint); Trans. Electrochem, Soc., 
1934. (preprint). 

•* Darfin and Gurry, J. Amer. Chem. Soc., 1945 / ^ 7 / 1398. 

Hay (private communication). 

Tritten and Hansen, J. iron ^teel Inst., 1924, 1*0, 90. 

•* Darken and Gurry, /. Amer, Chem. Soc., 1945, C7, 1411. 


* Johnson Matthey (private camrannicatjon). 
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recently, attempts to use this technique with more complex slags have been made 
in Britain, with little success. 

In an attempt to discover the reasons for these failures, we have studied the 
question of the forces acting on such a rotating system, and have performed 
experiments on pairs of immiscible liquids rotating in the cold. Briefly, the 
results of these experiments are that such a system conforms to the theoretical 
requirement that the shapes of the surface paraboloids are independent of the 
liquids, except where surface tension affects them. It was found possible to 
form a stable pool of “ slag ” on the surface of the “ metal ” and not touching 
the sides of the vessel, when the inter-liquid surface tension was high and the 
amount of ** slag ” did not quite cover the whole surface of the “ metal ” when 
the system was not rotating. This may explain why Taylor and Chipman were 
successful with a pure FeO slag, which would appear to exhibit a high surface 
tension with respect to liquid iron. 

Apart from fids surface tension effect, which operated only at the edges of 
the " slag ” layer, the “ slag film appeared to be perfectly uniform in thickness, 
and we suggest t^t the contrary efiect noted by Taylor and Chipman on a melt 
cooled whilst rotating may have been due to the change in the shape of the metal 
surface which occurred when the induction power was shut off. 

It has been found, however, that a deep and stable pool of “ slag ” could be 
formed in the centre of the metal ” in the systems studied (water-carbon 
tetrachloride and mercury-acetylene tetrabromide) when the “ slag ’’ layer was 
prevented from rotating as fast as the “ metal ” by means of brake, either in 
the form of a solid shape dipping in the ** slag ** only, or by a tangential gas jet 
playing on the ** slag layer in a direction opposed to its rotation. 

We hope that this last technique may prove useful in investigations in this 
field. 


II. ROASTING AND REDUCTION PROCESSES 


ROASTING AND REDUCTION PROCESSES—A GENERAL SURVEY 
By C. W, Dannatt and H, J. T. Ellingham 
Received zyri July, 1948 

Metallurgy, one of the most ancient arts, originated with the use of 
particles of native metal as ornaments and with their fabrication into 
primitive implements and utensils.^ These uses of metals belong to the 
Stone Age for the metal was a “ pebble ” shaped by hammering. Metallurg\^ 
proper, and the recognition of metals as su<^, commenced with the advent 
of primitive melting and smelting, operations that presumably originated 
with the reduction of those lumps of ore which, by chance, formed part of 
the ring of stones endosing the domestic fire.® The development of p3TO- 
metalluigy from such simple beginnings was due in the early days to chance 
discoveries and in later times, after a lapse of some 2000 years during whi^ 
little or no advance was made,® to experimentation by trial and error. The 
remarkable progress achieved in the latter period is a tribute to the energy 
and resourcefulness of the early metallurgists, but as extraction metallurgj^ 
is, in the main, applied physical chemistry, future developments must be 

^ Rickard, Man and Metals, 1932, x, 91 et seq, 

t Gowland, J Inst. Metals, 1912, 7, 24. 

» Carpenter, Metais in the Service of Human Life and Industry (Brit. Sc. Guild, Annuai 
Reseaxch and Development Lectoze, 1933), 
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based upon the co-ordinated work of the pure scientist and the applied 
scientist, of the physical chemist and the metallurgist. The metallurgist 
must be trained to understand and utilise the fundamental information 
provided and to present his problems in a suitably explicit form. The physical 
chemist, on the other hand, should have sufficient knowledge of plant 
requirements so that his answer may be readily translated into practice. 
The value of such team-work is gaining ever wider appreciation and holds 
promise of a rich reward. 


Occurrence of Metal-bearing Minerals: Stages in the Extraction of 

Metals 

A few of the less reactive metals occur in nature in the metallic state Most 
of the gold obtained, and notable proportions of the platinum metals, are derived 
from deposits containing these native particles, while useful amounts of silver, 
copper and a few other metals have been obtained from similar sources. Apart 
from such occurrences, however, aU the metals normally are found as minerals 
consisting of compounds such as oxides, sulphides, carbonates, silicates, etc 
Sometimes the mmeral is a relatively pure, simple compound of a single metal, 
but more often it is complex and is composed of a number of elements, some o± 
which may replace others in varying proportions. In any event, the extraction 
of metals from their ores necessarily involves a series of concentrations, or 
separations, even though the required or permissible product is an aUoy 
Separation is effected by the utilisation of physical properties such as densily, 
fusibility, volatility and the like, and chemical treatments are applied for the 
production of compounds or the hberation of elements that possess such 
distinctive characteristics as can be employed for this purpose. 

Most metal-bearing minerals, including native metals, commonly occur, not 
as massive deposits, but disseminated, coarsely or finely, through a mass of rock 
After grinding to liberate the mineral, the latter can usually be concentrated by 
some simple mechanical means. Selective flotation, which takes advantage of 
surface phenomena, is now the most important of these operations and is 
commonly employed where two or more metals are associated together in the ore. 
This frequently happens with the sulphides of lead, zinc and copper. Oxidised 
materials are seldom amenable to such treatments but may sometimes be 
subjected to direct chemical attack by lixxviants. 

When no further concentration can be effected by such means, chemical 
action must be employed to produce new compounds which can then be separated 
by the use of similar methods, such as s^aration by gravitational flow at devated 
temperature, possibly after chemical reduction of the metal. Subsequent opera¬ 
tions then foUow along similar lines until a product of sufficient purity is obtained. 

In many instances the metal-bearing mineral is not a substance hrom which 
the metal is readily or economically separable by a direct reduction process and 
it may then be necessary to convert it into some other compound by a preliminary 
chemical treatment. Thus, carbonates are commonly converted to oxides by 
calcination and sulphides wholly or partly to oxides by roasting. Sulphides 
may also be partly converted to sulphates by roasting under carefully controlled 
conditions, or to chlorides by chloridising roasting, in some cases it may be 
desirable to convert oxides to sulphates by treatment with sulphuric acid. 

The selection of such processes and the conditions of their operation depend 
upon a variety of factors. The major difficulty is the complexity of the material 
under treatment. A particular type of reduction process may be preferred 
because it is best suil^ to follow prelizninaiy operations that give the most 
effective separation from other constituents present, or because it is itself adapted 
to the elimination of impurities, thereby simplifying or rendering unnecessary a 
subsequent refining process. If one or more of the substances to be removed 
is of sufficient value, the extent to which it can be recovered at any stage may 
have a determining influence on the procedure to be adopted. 

It is necessary, therefore, to confer the vadoos stages of an extraction 
process as parts of a whole, for a modification of any one stage, by cha n g i ng 
the nature or extent of the separations it effects, may require or permit changes 
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of procedure in the other stages, or may even allow some of them to be omitted. 
The position may also be affected by the purity required in the metal, for this 
may var^^ greatly according to the purpose for which it is to be used. A demand 
for a particular metal in a higher state of purity than is normally required, 
perhaps in respect of freedom from specific impurities, may make it desirable 
to adopt an extraction process entirely different from that usually employed. 
For example, the demand for high-purity zinc in the production of cartridge 
brass in tiie 1914-18 war resulted in the rapid development, alongside the 
customary pjTro-metaUurgical process, of a hydro-metallurgical process, involving 
electrodeposition of zinc from sulphate solutions obtained by leaching roasted 
concentrates with sulphuric acid solutions. 

On the other hand, where a metal is to be used as an alloying element, it may 
not be necessary to extract it as such if, by a simpler or more economic reduction 
process, it can be obtained as a ** master alloy ** with the metal into which it is to 
be introduced. For example, steel-allo3nng elements such as manganese and 
titanium, are commonly produced for this purpose as ferro-alloys, while beryllium, 
which is particularly difficult to obtain in the elementary state, is mainly produced 
as a rich alloy with copper from which useful copper alloys with low beryllium 
content are readily obtained. 

Applications of Free-energy Data 

Subject to these considerations, the primary aims in the extraction of a given 
metal from a particular ore or concentrate are to minimise the number of separate 
processes involved and to ensure that each shall give, at a reasonable rate of 
operation, the highest overall efficiency in the recovery of the metal and any 
valuable by-products, with the minimum of expenditure on other materiais 
(fuels, fluxes, leaching agents, etc.), on energy (thermal or electrical) and on other 
operational and maintenance costs. 

Pyro-metallurgical processes require the use of elevated temperatures but 
it is essential that the temperature shall be kept as low as possible consistent 
vrith the occurrence of the desired reactions at an adequate rate and with a 
satisfactory degree of separation. As the working temperature is raised, the 
capital cost of plant and the operational and maintenance charges increase rapidly, 
especially when the temperature exceeds that which can be readily attained 
by the combustion of ordinary fuels. Again, operation at reduced pressures 
entails increased expenditure on plant and is not undertaken unless there are 
compensating advantages. This would be still more true for processes at pressures 
substantially greater than atmospheric, but these have not so far been introduced 
into metallurgical practice. Neveitheless, improvements in materials of con¬ 
struction and in techniques have led to the economic operation of processes 
requiring progressively higher temperatures and, to some extent, low pressures, 
where available alternative methods are abnormally costly or less efficient. 
New possibilities of recovering and refining metals by vaporisation have thus been 
des'eloped. 

As a first means of assessing the practicability of possible chemical processes 
in the extraction of metals, data for the free-energj' changes accompan3dng 
them at various temperatures and pressures are of obvious importance, for the 
higher the free energy of a reaction under specified conditions the greater is its 
tendency to occur under those conditions. In recent years such data, previously 
widely scattered in the literature, have been collected, correlated and e.'pressed 
in the form of equations relating standard free energies of formation with 
teanperature, for compounds of major metallurgical interest, such as oxides 
(by Thompson *) , carbonates, sulphides and sulphates, carbides and nitrides 
(by Kelley and his collaborators *). Much remains to be done in improving the 
accuracy of such data, especially in the higher ranges of temperature, and in 
extending them to cover other classy of compounds, but the figures already 
available serve to give at least an approximate basis for znany investigations. 

* The Total and Free Energies of Formation of the Oxides oj Thirty-two Metals (The 

Electrochemical Society, 1942). 

• Cf.S, Bur, Mines Bull., 3^ 1935; 406, 1937; 407, 1937. 
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It has been shown by Ellingham «that the chart obtained by plotting against 
temperature the standard free energy of formation (—AG®) of compounds of 
a pSLrticular class (say oxides) of the various chemical elements, by indicating the 
relative oxidisabilities of those elements and the relative reducibilities of their 
compounds, exhibits directly the conditions under which such reactions tend to 
occur and the possibility of efiecting separations by taking advantage of the 
difierences in Ihese tendencies. The chart for sulphides is reproduced here 
(Fig. 2), together with a revised chart for oxides (Fig. i). The authors are 
indebted to Dr. F. D. Richardson and Mr. J. E. H. Jetfes for making available 
data for certain oxides derived from their recent critical examination of the 
relevant literature in connection with a paper they are about to publish. 

An alternative system of representation for oxides has been independently 
developed by Pourbaix,’ in which the logarithm of the equilibrium oxygen 
pressure (which is directly proportional to the standard free energy of formation 
divided by the absolute temperature) is plotted on the reciprocal of the absolute 
temperature. The significance of diagrams of this type in the study of metal¬ 
lurgical equilibria and processes is discussed in a paper by Pourbaix and Rorive- 
Boutd.® 

Free-energy data for chemical reactions are commonly obtained from thermal 
measurement, involving determinations of heat of reaction and entropy change, 
the latter generally entailing measurements of specific heats and latent heats 
of change of state for the participating substances over a wide range of tempera¬ 
ture. In some cases direct measurement of an equilibrium constant is practicable 
and, for the formation of a simple compound, may entail only the determination 
of the partial pressure of one or more gaseous participants. Examples of special 
techniques in the application of this method to the study of novel processes are 
described in papers by Gross, Campbell, Levi and Kent (the reaction 2AI + 
AlCla = 3AICI)* and by Gross and Mrs. Warrington (the reaction ZnS(s) Fe == 
FeS -f Zn(g)).^® In view of the simple relation between the free energy of 
formation of a substance and its decomposition voltage or the e.m.f. of the 
corresponding voltaic cell (cf. Fig. i and 2), these electrochemical measurements 
may also be employed. Indications of the scope of such methods at elevated 
temperatures using molten salt electrolytes are given in the paper by Rose, 
Davis and Ellingham.^^ 

In Fig. I and 2 the free energy of formation in kcal./g. mol. oxygen or sulphur 
is plotted downwards and a parallel scale in volts (representing decomposition 
voltage) has been added. A pressure-correction chart serves to show the extent 
of the change due to any gaseous participant being at a partial pressure greater 
or less than i atm. The lower the position of a fine on the oxide diagram the 
greater is the affinity of the element for oxygen at i atm. pressure and the smaller 
the oxygen dissociation pressure of the oxide (or higher oxide). At a given 
temperature the vertical distance between two lines shows the tendency of the 
reaction represented by the lower line to drive backwards that represented by 
the upper line, i.e., for the element concerned in the former to displace that in 
the latter from its oxide. Similar relations are shown by the sulphide diagram. 
The conditions of temperature and pressure under which an oxide or sulphide 
tends to be reduced by some other element (or other oxide or sulphide) can be 
read off directly from the appropriate,diagram. Moreover, the conditions for 
the occurrence of such reactions as 

MS -f 2MO = 3M + SOa, 
or 2MS + 30 t = 2MO 4 - 2SO, 
are readily deduced by the use of both diagrams. 

• J. Soc. Chem, Iftd,, 1944, 63, 125. 

^ BuU, SoG, chim. Belg.t i944» 53 ^ ^45 > MitalU, 1947, : Complex Chemical 

Equilibria: Method of CcUctUaiion and Graphical Representation (Ed. Science et 
Technique, Brussels, 1948). 

® This Liscussion. 

• This Discussion. 

This Discussion. 

^ This Discussion. 
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These two diagrams thus provide a coaspectus of metallurgical possibilities 
m respect of oxidation and reduction processes in which metals, -(heir oxides 
and/or their sulphides are concerned Similar diagrams for other classes of 
compounds, such as carbides and silicates, are needed. Also, since the diagrams 
refer to solid or hquid participants at unit activity—as separate pure phases or 
as saturated solutions—^more information is required on the activities of such 
substances as unsaturated solutions m particular systems, for it cannot be 
assumed that such activities are even approximately represented by concen¬ 
trations. 



Mechanism and Rate of Reactions in Extraction Processes 
The standard free energy of a reaction at a given temperature is a measure 
of its tendency to occur under those conditions when all the participating 
substances axe at unit activity. In a closed system the consumption of reactants 
and fonnation of products of variable activity (substances in the gaseous state or 
in unsaturated solutions) leads to a progressive decrease in the free energy, 
which would become zero at equilibrium. Although at the temperatures used 
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in pyro-metallurgical practice a positive tendency for a reaction to occur generally 
means that it does, in fact, t^e place at an appreciable rate, the magnitude 
of the free energy for the reaction as a whole at any stage aftords no indication 
of the rate of occurrence under those conditions, liough the velocit}’^ must, of 
course, tend towards zero as equilibrium is approached. Reaction velocities 
must, therefore, be the subject of independent sbidy, and any csdculation of their 
magnitude requires a knowledge of the mechanism of the reactions concerned. 

The reactions involved in roasting and reduction processes are largely hetero¬ 
geneous, occurring at solid-liquid, liquid-liquid, solid-gas or liquid-gas interfaces. 
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Fig. 2.—Standard free energy of formation (— AO^) of sulphides: variation with 

temperature. 

Chart embodying data published prior to 1942. 

Reprinted from Trans, Soc. Chem, Ind,, 1944,63,125-133. 

Reactions between solids are relatively insignificant, and reactions that appear 
to belong to this category probably proceed by way of a gas phase. Thus, 
in the r^uction of soUd oxides by means of carbon there is no doubt that 
the effective reducing agent is carbon monoxide (MO H- CO = M + COi), but 
as the partial pressure of the resulting CO2 is being continuously prevented from 
rising by the reaction CO* -f C = 2CO, whereby CO is le-fonned, the thermo¬ 
dynamic relations for the process correspond to reduction by carbon with forma¬ 
tion of the equilibrium CO—CO* mixture at the given temperature, whereas 
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the rate of reduction will depend on the velocities of the gas-solid reactions 
involved. In Fig. i, a curve is given for the free energy of oxidation of carbon 
to the equihbrium CO-COj mixture, which at lower temperatures (below about 
600® c.) merges into that for C + O2 == COg and at higher temperatures (above 
about 900° c,) into that for 2C -h Og = 2CO. This composite curve would 
mdicate the eftective reducing tendency of carbon at any temperature if the 
partial pressure of COg were continuously kept down to file equilibrium value 
by reaction with carbon—a condition that may never be completely realised in 
practice. 

The paper by Juliard, Rayet and Ludet^* shows that the dissociation of 
carbon monoxide, 2CO = C -|- COg, the reverse of the above reaction, not only 
requires for its occurrence a catalyst such as iron or nickel, but also that the 
metal should be associated with the corresponding oxide or with graphite as a 
promoter. 

For reactions occurring at an interface between two phases, the rates at 
which reactants can be brought to the interface and products removed from it 
often determine the velocity of the reaction as a whole. In such cases the reaction 
velocity may be increased by movement of the fluid phase or phases, e.g., by caus¬ 
ing a liquid or gaseous reactant to flow across the surface of a solid reactant. In 
such processes, however rapid the streaming, there will always be a stationary 
fluid film in contact with the solid, through which the transport of reactante 
and products must be maintained by diflusion, and, in reactions between a 
gas and a porous solid, diflusion through the gas-filled pores may also intervene 
between the gas stream and the inner solid surfaces at which the reaction mainly 
occurs. In the paper by Woods “ a critical examination of the results of experi¬ 
mental investigations of the reduction of oxides of iron by carbon monoxide 
or hydrogen leads to the conclusion that the velocity of reduction is essentially 
determined by rates of diffusion through such gas films. 

If in a gas-solid reaction there is a gaseous product as well as a gaseous reactant, 
the continuous removal of the former from the sphere of action in a gas stream 
may have an important eflect on the velocity of the whole process, for the 
partial pressure of the gaseous product at the surface of the sohd may be kept 
down to an extremely low value. By this means, reactions that "would be thermo¬ 
dynamically impossible with the gaseous participants at atmospheric pressure 
may be caused to proceed rapidly. Thus in a stream of hydrogen, oxides with 
a much greater standard free energy of formation than steam at i atm. pressure 
may be effectively reduced at suitable temperatures; even an oxide as stable 
as MnO can be reduced in this way. 

Under the conditions of occurrence of most pyro-metallurgical processes it 
seems that the intrinsic rate of a heterogeneous reaction would have to be 
unusually low for diflusion to cease to be the controlling factor. In his intro¬ 
ductory paper. Sir Charles Goodeve has discussed the dependence on temperature 
of the magnitudes of these intrinsic reaction rates in relation to activation 
energies and this aspect of the subject need not be further considered here. 
Reference must be made, however, to the discussion by Anderson of the 
detailed mechanism of reactions of the type : 

solid (A) + gas (B) = solid (C) + gas (D), 

in relation to lattice defects ; the mechanisms proposed for such primary reactions 
in roasting and reduction processes are supported by experimenlal determinations 
of changes in semi-conducting properties of oxides and sulphides. 

Extraction Processes in Metallurgical Practice 

In Table I the chemical elements are arranged in the form of a periodic table 
with special reference to characteristics of the metals relevant to their extraction. 
Dotted lines axe employed to separate the metels from the non-metals and to 
demarcate respectively the noble metals (those most readily obtained by reduc¬ 
tion of their compounds) and the highly reactive metals (those most difficult to 

This Discussion. 
i»This Discussion. 

^^This Discussion. 
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obtain by reduction). Broken lines serve to indicate metals that have excep¬ 
tionally low boiling points (below 1200° c.) and are thus most readily recovered 
by distillation. Full lines are employed to show the metals with relatively low 
melting points (below 450® c.) and with relatively high mel ting points (above 
1500® c. and above 1900® c.); the former are easy to obtain by smelting, whereas 
the production of the latter, especially those melting above 1900® c. may entail 
special processes, e.g., electrothermal operations. Other characteristics of 
individual metals are indicated by the following conventions :— 

{a) Metals whose extraction is of major (minor) metallurgical importance— 
symbol surrounded by a full circle (broken circle). 



TO THeiR EXTRACTION 

no METAL ImtOSE CXTAACTIOR » OF MAJOB 
MeTAU.«RQ»CAU IMPORTANCE 
' X ) metal whose extraction » OF MINOR 
pX. metalluboical importance 

I X { METAL WHOSE EXTRACTIOK IN THE FORM OF AN AUOf *nTH 
SUaSTANTIAL PROPORTIONS OF ANOTHER METAL IS OF 
MAJOR IHPORTANCC 


\ X » METAL WHOSE CXTRACTICH IN »HC FORM SF AM ALLO\ 
WITH SUSSTAHTIAL PBOPORTKJN5 OF ANOTHER MC'AL IS 
or MINOH IMPORTANCE 

METAL WHICH «S CATBACTCD TOA *AII« CATEN* FROM 
NON OXIDISED ORES 

X METAL WHICH B OBTAIhCO EWTIRELt V UAIHLt M 
THE COLPSE tsr EXTRACTICW OF AMC'HCR METAL 
’X’ METAL WHICH IS OBTAINED TO A M07HBLE EXTENT 
IN THE OCVBSE OF EXTRACT OH OF ANOTHER 


(6) Metals whose extraction in the form of an alloy with substantial propor¬ 
tions of another metal is of major (minor) metallurgical importance—symbol 
surrounded by a square (broken square), 

(c) Metals which are extracted to a large extent from unoxidised ores (e.g., 
from sulphides or arsenides)—symbol underlined. This distinction is of impor¬ 
tance as extraction from unoxidised ores generally entails some form of chemical 
treatment (e.g., roasting) prior to reduction to metal (see below). 

(d) Metab which are obtained entirely or mainly (to a notable extent) in the 
course of extraction of another metal—^full line (broken line) above the symbol. 

{e) Symbols without any of the above signs refer either to non>metals or to 
metals whose extraction is of very little metallurgical significance although the 
metals may be of value in specif a|>plications. 

All the above-mentioned charactenstics may influence the nature and condi¬ 
tions of operation of the extraction process and, if account be taken also of the 
importance, already emphasised, of removing at each stage other elements 
derived from the ore, it should be possible to provide a rational basis for the 
varied schemes adopted in practice. A general survey of typical processes in 
extraction metallurgy is given in Table II. In this table, reference is made to 
hydro-metallurgical as well as pyro-metallurgical processes in order to provide a 
general picture of the scope of current practice. 
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Roasting and other Chemical Processes preceding Reduction to 

Metal 

Roasting is defined as heating a material without fusion for the purpose ol 
adding to it some desired element, or elements, usually oxygen. It tiius differs 
from calcination which is heating a material in order to effect a decomposition 
Roasting is usually undertaJcen in order to effect the complete, or partial, removal 
of sulphur or some similar element, such as arsenic or tellurium, as a volatile 
oxide. 

Rapid and complete oxidation would require fine particle size, constant stirring 
of the bed to expose the lower layers of ore and a rapid flow of air for the removal 
of the gaseous products of combustion. Practical considerations, however, limit 
these conditions, for fine grinding is expensive, and all three would promote 
heavy dusting loss and so add to the cost of the operation. It follows that com¬ 
plete elimination of the undesired element is not practicable. If sufficient sulphur 
is present, the heat generated by combustion, once this has started, may be 
sufficient to carry oxidation through, nearly to completion. This “ autogenous ” 
roasting is economical but needs control, for overheating and fusion would 
diminish the surface area exposed and would “ blanket,*' or protect, unoxidised 
particles. The admission of excess cold air, or the circulation of waste furnace 
gas that is deficient in oxygen, may rectify matters. Alternatively, the addition 
of incombustible material or of material that will decompose with the absorption 
of heat will lower the temperature attained. Conversely, the introduction of 
some carbonaceous fuel may diminish sulphur elimination by impoverishing the 
atmosphere in oxygen. The importance of a knowledge of equilibrium conditions 
and of reaction kinetics in such operations is evident and attention must also be 
paid to the many possible subsidiary reactions that will result from the presence 
of impurities. A new method for studying the mechanism of roasting reactions, 
involving a direct examination of changes in the composition of cylindrical 
briquettes after various periods of roasting, has been put forward by Peretti.^* 

Sulphating roasting usually precedes hydro-metallurgical treatment. It presents 
the usual roasting problems but conditions must be so adjusted that sulphate 
formation is encouraged. Chloridising roasting requires analogous conditions and, 
in both cases, the addition of catalytic agents may be advisable or necessary, 
thus introducing a new series of problems. 

Flash roasting and sintering are roasting treatments effected under rather 
different operating conditions. In the former, finely divided mineral is injected 
into an oxidising atmosphere that is at such a temperature that combustion is 
immediate and almost complete. In the latter, one surface of a bed of charge is 
heated to the ignition temperature and air is forced through so that the zone of 
combustion progresses to the further surface of the bed. In this operation the 
primary, or only, purpose may be to cause agglomeration of the charge. 

Volatilising roasting is a controlled roast used for the production and removal 
of a volatile oxide, such as arsenious oxide. In addition to the usual roasting 
problems, this operation raises further questions in the field of condensation, 
dust and fume recovery and the like. Excessive oxidation may form a non¬ 
volatile, higher oxide, and careful control is, therefore, needed to avoid the 
necessily for retreatment under reducing conditions. 

Reductton Processes 

The most familiar procedure under this heading is smelting; heating a material 
under such conditions that, in addition to chemical change, there is complete 
fusion so that separation of the metal can be effected by gravitational flow. It 
is usually necessary to add fiuxes for the formation of a slag that is suitably 
fluid at the working temperature, and a reducing agent may be needed to bring 
the metal to the elemental state. As a means for tiie production of metal, smelting 
is generally applied to oxidised ores or to material that has been roasted to 
convert the metal to oxide, and carbon in the form of coke is normally the 
reducing agent as well as the source of heat. 

“Where a metal has a strong affinity for sulphur or for arsenic or antimony. 


This Discussion. 
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it may be separated as a sulphide by " matte smelting,” or as an arsenide or 
antimonide by “ speise smelting.” In “ pyritic ” matte smelting, the sulphur 
of the ore is both the reducing agent and the fuel, only a minimum of carbon 
being needed. The particular advantage of such procedures lies in the ready, 
and almost complete, collection of the sulphides of metals whose oxides would 
be dissolved by, and retained in, the slag. 

It is usual in smelting operations to separate the maximum of unwanted matter 
as a waste slag, but it is sometimes advantageous, as in the case of tin, to work 
under only mildly reducing conditions, whereby a cleaner metal is obtained. 
The ” foul ” slag, containing a high proportion of metal oxide, is retreated for 
the recovery of a lower grade, but still saleable, metal The control of the grade 
of pig-iron by adjustment of the proportion of carbonaceous fuel and fluxes is 
familiar, but there are few analogous cases in non-ferrous smelting. The prmcipal 
problems in these operations are concerned with the composition and resulting 
physical properties of the slag, and the effect of these on the slag-metal equi¬ 
librium which governs the magnitude of the slag loss. 

The Waelz process is one in which reduction is not accompanied by fusion, 
although there is usually agglomeration, and it can be used for a variety of 
purposes. Carbon is mixed with the ore which is passed through a cylindrical 
furnace. Iron is reduced to metallic powder form, as in the Itoipp and other 
processes for the reduction of iron ores with natural or artificial gas, and is 
recoverable by magnetic concentration. Zinc is reduced, volatilised, re-oxidised 
in the furnace atmosphere and collected as fume, and other metals can be recov¬ 
ered by suitable adjustment of the operating conditions. 

The use of selective flotation for tiie treatment of complex lead ores has, by 
the removal of copper, made possible the smelting of zincy lead concentrates. 
The zinc content of the resulting lead blast-furnace slag commonly runs as high 
as 20 %. This zinc is recovered by fuming,” air and powdered coal in Ihe 
propoiiions necessary to form carbon monoxide being blown into the molten 
slag. Ziuc is reduced, volatilised, re-oxidised above the bath and recovered as 
fume. As in the Waelz process, the recovery of zinc is effected by much the same 
method as that adopted for its collection from scrap brass, and it presents 
similar problems in dust and fume recovery. 

Reference to Fig. i shows the exceptional position of carbon as a general 
reducing agent for metallic oxides. The composite curve for the oxidation of 
carbon to the equilibrium CO-CO^ mixture runs down across the diagram owing 
to the increase in the standard free energy of formation of CO with rise in tem¬ 
perature and thus comes, at sufficiently high temperatures, below the lines foi 
the oxidation of even the most reactive metals. Thus, the C-CO line intersects 
the IVIg-MgO line below 2000® c., and above this temperature magnesium oxide 
can be reduced by carbon giving magnesium vapour and CO. This process 
presents special difficulties owing to the tendency for the reverse reaction. 
Mg -j- CO == MgO -f C, to occur during the cooling of the gases, unless the 
temperature is brought down very rapidly below the boiling point of magnesium 
by ** shock ” cooling with cold hydrogen. 

It is noteworthy that although zinc has not a very great affinity for oxygen, 
its high volatility results in the intersection of the C-OO and the Zn-ZnO lines 
being slightly above the boiling pomt of the metal. It is for this reason that, 
unless conducted under pressure, the reduction of zinc oxide with carbon neces¬ 
sarily 3delds the metal in the form of vapour and the operation becomes a dis¬ 
tillation process. In many respects volatilisation of the metal is an advantage 
in that it provides an effective means of separation, but the vapour pressures 
(at the working temperature) of other metals present are important, for these 
govern the purity of the product. Also the re-oxidation of ^c, especially by 
carbon dioxide which is commonly present above the equilibrium concentration 
owing to incomplete establishment of equilibrium with carbon, occurs readily 
on cooling the mixed gases, and gives rise to contamination with blue powder.^* 

Comparison of Fig. i and 2 affords an explanation of the relative inade¬ 
quacy of carbon as a reducing agent for sulphides; the free energy of formation 
of carbon bisulphide is very small and there is no monosulphide to correspond 
with CO, Moreover, as the lines for the metallic sulphides are more closely 
bunched together tbau are those for oxides, the possibilities of separation by 

n* 
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preferential reduction are much less. It is for these reasons that sulphide ores 
and mattes are commonly converted to oxides by a roasting operation before 
being reduced to metal. Similar arguments apply—^probably more strongly— 
to arsenides and antimonides. An example of tiie direct reduction of a sulphide 
is afiorded, however, by the reducing fusion of antimony sulphide 'vvith metallic 
iron. 

For the nobler metals, reduction of oxides or sulphides may be effected merely 
by the application of heat. Thus from the lines in Fig. i and 2 representing 
compounds of those metals, it is seen that the free energies of formation fall to 
zero at moderate temperatures, and it should, therefore, be possible to dispense 
with any reducing agent. Mercury sulphide decomposes at a moderate tem¬ 
perature, the metal being volatilised and recover^ by condensation. The 
distillation of metallic arsenic from mispickd is similar but this metal is so readily 
oxidised that reducing conditions must be ensured by the addition of some 
carbonaceous fuel. 

In the Bessemerisation of copper matte, the initial stage is the oxidation of 
impurities which are removed in ‘^e slag and fume, and this is followed by partial 
conversion of CujS (white metal) to CuaO ; these two substances then interact 
to form metal (CuaS -|- 2CuaO = 6Cu + SO a). An analysis of the reactions in 
the converting of copper matte has been made by Peretti.^® From a combination 
of data from Fig. i and 2 it can be shown that the mutual oxide-sulphide reduction 
is possible for lead and nobler metals but not for more reactive metids such 
as nickel. 

Although carbon is able to reduce the oxides of even the most reactive metals 
if a sufficiently high temperature is employed, the disadvantages of operation 
at very high temperatures may lead to alternative reducing agente being 
preferred. Even for metals that are not highly reactive, other reducing agente 
may commend themselves for special reasons; thus, where hydro-met^urgical 
methods are used, the metal may be recovered from aqueous solutions by cementa¬ 
tion (precipitation by a baser metal, e.g., copper by iron) or by electrolysis 
(e.g., zinc). It is for metals notably more reactive than zinc, however, tiiat 
alternatives to carbon begin to be generally attractive. Thus Table II inciicates 
the use of hydrogen in a few instances, as in the production of tungsten; of 
aluminium in the Thermit process for production of metals such as molybdenum 
and titanium; and of ferro-silicon for making such ferro-alloys as ferro-chromium 
and ferro-vanadium. In the Thermit process the heat of reaction is often so great 
that no additional flux is necessary to ensure separation but, as in ordinary 
smelting, metals of lower oxygen-affinity will also be reduced. It is usual, 
therefore, to precede such treatments by a chemical operation for the removal 
of those undesirable impurities that would pass into the metal. Hydrogen is less 
favoured as a general reducing agent as it is liable to be retained in solution in 
some metals and this often has deleterious effects. 

From Fig. i the reduction of magnesium oxide by silicon to yield magnesium 
vapour would seem to require a fairly high temperature even under a pressure as 
low as 0-001 atm. In the Pidgeon process, however, using ferro-silicon, the 
process is successfully operated on calcined dolomite at much lower temperatures. 
This is presumably due not only to the rapid removal of magnesium from the 
sphere of action but also to the activity of the other product, siHca, being kept 
extremely low by reaction with lime to form a stable calcium silicate. Condensa¬ 
tion in a closed system is less troublesome than in the open condensers of the 
zinc reduction process and there is a great advantage over reduction of magnesia 
with carbon in that, as there is only one gaseous product, no question arises of 
interactions in the gas phase on cooling. The vapour pressure of magnesium in 
the thermal reduction of dolomite by ferro-silicon is tiie subject of a paper by 
Pidgeon and Kmg.^» 

Finally, for the extraction of the most highly reactive metals, electrolysis of 
a molten salt system continues to be the most common practice. In many cases 
the bath consiste of a molten chloride or a low-melting mixture of molten 
halides, but the molten hydroxide is still largely employed for sodium and a 
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saturated solution of the oxide in a halide melt for aluminium. For reductions 
of the last t3rpe, the minimum voltage required for decomposition can be read 
directly from the voltage scale on Fig. i but this would refer to breaking down 
into the metal and 03 ^gen at i atm. pressure. For the overall reaction AlgOs + 
3C — 2AI “h 3CO which results from the use of carbon anodes, the decomposition 
voltage at a specified temperature is given by the vertical distance between the 
Al-AljO* and the G-CO curves. In practice, much larger voltages are required 
for electrolysis at a reasonable current density", due to resistance of the melt 
and to the polarisations involved. 

Diagrams such as Fig. 1 and 2 can clearly be used as guides in making improve¬ 
ments in existing processes and in exploring the possibiUties of new developments. 
Thus, Fig. 2 indicates the minimum voltages required at various temperatures to 
decompose sulphides into the metal and gaseous sulphur, and the paper by 
Davis, Rose and EUingham shows that results of measurements of the decom¬ 
position voltage of sulphides dissolved in chloride melts accord reasonably well 
with values calculated from standard free-energy data. The possibilities of the 
electrol3rtic decomposition of lead sulphide (dissolved in lead chloride) into lead 
and sulphur (the Halkyn process) have received some attention. 

In assessing the merits of new extraction schemes, however, the thermo¬ 
dynamic data provide only an initial giude, particularly by excluding the 
impossible. Such information needs to be supplemented by measurements or 
calculations of reaction rates, and in any event the determining factor will 
normally be the extent to which separation from undesired elements can be readily 
effected. The importance of this factor cannot be over-emphasised for the 
cleaner ore-deposite are mostly exhausted. Mineral dressing operations, even 
if they were completely efi&cient, could give no more than a clean minerad, and 
if this mineral is complex, the ph3rsico-chemical considerations are consequently 
less simple. Further, the development of new processes is calling for ever closer 
collaboration among a wide range of scientists and technologists, and it is on 
this collaboration that the future of extraction metallurgy will depend. 

Dept, of Metallurgy, Royal Institute of Chemistry, 

Royal School of Mines, Russell Square, 

S,W.7, W,C,x, 


GRAPHICAL STUDY OF METALLURGICAL EQUILIBRIA 
By M. J. N, Pourbaix and Madame C. M. Rortve-Bout^ 

Received 2 ,nd July, 1948, in French ; 
translated by J, H, E, Jeffes 

In 1912 Le Chatelier ^ showed the value of the concept of “ equilibrium 
oxygen pressure ” in the study of oxidation equilibria in the presence of a 
gaseous phase. The conditions of stability of metallic oxides are usually 
expressed graphically by plotting the logarithm of the 03 ^gen pressure as 
ordinate and the temperature as abscissa; thus the conditions of stability 
of FeO, first elucidated by Chaudron ® ® have been expressed in this way by 
diEEerent authors.^ * * These diagrams are particularly easy to interpret if, 

1 Le Chatelier, Rev, MetdlL, 1912, 9, 509. 

* Chaudron, Compt, rend,, 1921, 1, 152. 

* Chaudron, Ann, Chim,, 1921, 16, 221. 

* Van Gronigen, Thesis (Delft, 1921). 

* Schenck, The Physical Chemistry of Steehndhing (J. Springer, Berlin, I 932 )> vol. i. 

* Chaudron, in Pascal's Treatise of Mineral Chemistry (Massau, Paris, 1934), <8, 

p. 184. 
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as was already done 35 years ago by the schools of Le Chatelier in France and 
Scheffer in Holland, the abscissa is plotted, not as the temperature, but as i IT, 
the inverse of the absolute temperature : diagrams are thus obtained which 
consist of nearly straight lines, the slopes of which represent heat content 
changes and the intercepts on the y-axis entropies changes of the reactions. 

In previous publications, one of the authors has described a method foi 
the study of complex equilibria " based on this method and dealing with 
I-, 2- or 3-component s^’stems.'^ ® ® * This method depends on the fact 
that the equilibrium characteristics of each transformation that can occui 
in the S3^tem are expressed in terms of these two functions (the logarithm 
of the equilibrium oxygen pressure and iJT); these two factors are 
considered as independent variables and other relevant factors as para¬ 
meters. B}" plotting the values of these two variables, curves are obtained 
which yield an overall picture of the conditions of thermod3mainical 
stability of all the substances taking part. 

The method of settmg-up such diagrams has been described previously,® and 
Fig. I and 2 are examples of the binary systems, zinc-oxygen and carbon-oxygen; 
Fig. 3 relating to the temarj’ system zinc-carbon-oxygen was obtained by a 
superimposition of Fig. i and 2, and by the simultaneous introduction of the 
conditions under which the ternary compound ZnCO* is stable. 

These diagrams are based on the equilibrium equations given below, in which 
p represents the partial pressure (or, more precisely, the fugacity) of the difterent 
gases. These equations are valid only in the temperature ranges described 
elsewhere ; • w^here great precision is required it is necessary to construct large- 
scale diagrams based on tiie more complicated equations which would produce 
slightly curved instead of straight lines ; at present, where the principle of this 
method is the main consideration, the simplified equations below are assumed 
to be sufficiently exact. 

t Zinc-Oxygen System (Fig. i) 

Equilibria Bet\veex Two Condensed Substances 

Zn{s)->Zn(/) o=-i^^ 1-445 ...(«) 

2Zn(s} -f O, ->2ZnO(s) logi>o, = — 51 ^ + 8-70 . . (6) 

2Zn(i) — Oj -> 2ZnO(s) log ^0, = — + 10-24 - - («) 

Equilibria Between One Condensed and One Gaseous Substance (Other 
Than O3) 

Zn(s) -*-Zn{g) o = - + 6-io - logp^ . (a) 

Zn(/) ->Zn(g) o = - + 5-33 - log^a. - (6) 

2Zn(g) + O, 2ZiiO(s) log^o. = - + 20-90 - 2 log/)a. (e) 

’ Pourbaix, Bulh Soc, chim. Belg., 1944, 53, 145. 

® Pourbaix, MStcUL, 1947, *92- 

•Pourbaix, Complex Chemical Equilibria, Method of Calculation and Graphical 
Representation (M. Science et Technique, Brussels, 1948). 

Montague, Nutrurical Calculations of Homogeneous Chemical Equilibria ; Application 
to the Theoretical Study of Combustion, (Ed. Gauthier-Villars, Paris, 1934.) 

^ ElUngham, Trans. Soc. Chem. Ind,, 1944» 125. 

* It should be noted that Montagne published in 1934 another graphical method of 
calculating complex equilibria in a homogeneous gas phase. In 1944 Ellingham 
published^ diagrams ^^owing the infiuence of temperature on the free energies of forma¬ 
tion of difierent oxides and sulphides *, this paper makes an important contribution 
to the study of the complex equilibria prevailing in thermal metallurgy. 

t Log denotes logi,, throughout. 
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Carbon-Oxygeu System (Fig. 2) 


Equilibria Between Solid Carbon and One Gas (Other Than Oj) 


C(s) - C(g) 

0 = 42^^ _ 8.02 4 - logp^. 


2C(s) = Ca(g) 

0 = 49.350 _ 8 .g 8 

.b) 

2C(5) 4 - 0 * = 2C0 

log^o.-- 9-64 + 2 10g/>co 

c) 

C(s) -{- Oa = COj 

log/>o, = - _ 0-34 - log/>co, 

[d) 

Equilibria Between T'wo Gases (Other Than Oj) 


2C0 + 0, = 2C0, 

logi’o, = — —f ^ + 8-96 — 2 log^*®* 

i pco 


2C(g) + 0 , = 2C0 

lOg^o, = - T 6-40 4 - 2 l 0 g^~ 

1 pcio) 

(/) 

c,(g) + 0, = 2CO 

log/>o, = — — 0-66 + log^° 

.g) 

2C(g) = C^^g) 

0 = — 3 ^, 57 ^ ^ y.o5 _ log Pc( 9 ) 

2 pCfig) 

• (A) 


£qn. (a) and (&) relating to the vaponr pressure of zinc are only approximate 
Where greater precision is necessary it would be better to use more complex equations 
such as those of Maier (ref. 9, p. 28). 

Zinc-Carbon-Oxygen System. (Fig. 3) 


Equilibria Between Two Condensed Substances 


Zn(5) = Zn{l) 

0- + 1-445 . 

• (<*) 

2Zn(s) -f Oj =* 2ZnO(s) 

lOgPo , = — + 870 

• (6) 

2Zn(Q 4- O2 = 2ZiiO(s) 

lOg^o, = — 25 ^ 10-24 

• (c) 

ZiiCO,(s) = ZnO(s) + C(s) + O, log Po , -+ 13-84 

• {<*) 

Equilibria Between One Condensed and One Gaseous Substance 
than Oa) 

(Other 

2C(«) + 0, = 2CO 

It ^ pe , = — — 9-64 + 2 log^00 

1^) 

C{s) 0* “ COj 

lOg/>0, = — - 0-34 + lOg^ico, 

• ( f ) 

Zii(s) * Zn(g) 

0 = — .^—5 4. 6'10 — log^zn 

te) 

Zn(l) = ZnCe) 

0 = - + 5-33 - log^>a, 

• W 

2Zii(e’) + Ot = 2ZnO(s) 

log Po, = — + 20-90 — 2 log pg ^ 

• (*> 

ZiiCOi(s) = ZiiO( 5 ) + COj 

0 = - + 14-18 — lOg^ioo, 

- w 
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Equilibria Between Condensed and Two Gaseous Substances (Other 

THAN Oj) 

Zn(g') + C( 5 )+ 0 , = Zii 0 (s)-i-C 0 log;>o.= - 55^8^-563 + log ^ 

i fzo. 

2Zn{g) + 2 C{s) 4 - O* = 2Zn(Z) ■+• 2CO log/?ot= — -J- i 02 -r 2 log^ (») 

i pZn 

Equilibrium Between Two G\ses (Other Th\n O3) 

2CO + O3-2CO3 log/?o.= - 22 ^-L 896 4 - 2 log^ . (P) 

1 pco 

In the Figures the following curves are shown 

(1) Heautly drawn are straight lines which separate the regions of stabihty of the 
different condensed substances of which the system consists 

(2) Less heautly drawn are groups of straight hues which represent the composition 
of the various gases , some of those fines along which the partial pressures of 
the two gases are equal, separate the ' regions of predominance * 

(3) Lightly drawti are groups of straight lines which show the conditions under 
which, m the presence of the different condensed substances, the partial 
pressures of the different gases have fixed values 

{4) Very heavily drawn are isobars for which, in the presence of different condensed 
substances, the total pressure of the gases considered has a determined value 
These isobars consist of fragments of virtually straight lines with different 
slopes, these fragments meeting m a sharp angle or jomed to each other by curves 

(3) In dotted lines, the hues which express the conditions under which a condensed 
substance or a gas decomposes or dissociates mto gaseous constituents 

Some facts emerging from these diagrams are briefly summarised 

Zinc-Osygen System (Fig i) On heatmg ZnO to a high temperature in 

surroundings mitiaU> free of zmc, oxygen or any of their derivatives apart from 



ZnO, it decomposes with the formation of zinc vapour and oxjgen accordmg 
to the reaction, 2ZnO{s) = 2Zn(g) -f O, as shown by cune (g), the decom¬ 
position pressure vanes as a function of the temperature according to the 
equation; 

log P « — + 7.24* 

This pressure teaches o*oi atm at about 1477® and i atm at about 1962® c. 
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If the ZnO is heated in the presence of i atm. oxygen, the system no longer 
follows curve (g) but the upper branch of the isobar relating to i atm.; the ZnO 
remains stable up to the temperature at which this isobar ceases to be a straight 
line, then it becomes curved, denoting that a perceptible quantity of zinc vapour 
has been formed; at all points on the diagram the partial pressure of zinc 
vapour in the presence of ZnO is given by the index of the particular member 
of the group of curves {e) which passes through this point; at 1477® c., the 
zinc vapour pressure, which is equal to lo”**^* atm. (o*oo66 atm.) when the 
heating is performed in an inert atmosphere, becomes lo"*-** atm, (0-00038 atm.) 
when file heating is performed in i atm. oxygen pressure. 

Carbon-Oxygen System (Fig, 2). The oxidation of solid carbon yields CO 2 
at low temperatures, and CO at lugh temperatures ; above 5000-10,000® c., 
carbon vaporises forming mono* and di-atomic molecules which are probably 
stable, even in the presence of free oxygen; CO and O, are then partially or 
totally dissociated into 0 (g), C(g) and C,^). 



Z'S z _ ^^5 _ I _ 0-5 yt'” b 


“m loo sso 300 

__ C). 

/he Sysfem C^O. 

'Fig. 2. 


In the presence of an excess of solid carbon, free oxygen is not stable, except 
probably in low concentrations of the atomic form 0(g), at temperatures between 
3000-4000® c. The effect of temperature on the relative proportions of CO 
and CQa in equilibrium with solid carbon at a fixed pressure (the Boudouard 
equilibrium) be determined by reading on the diagram^, along the isobar 
relating this pressure, the value of the indices of the lines of the group ,(e). 

If pure CO* at a fixed pressure is heated, reaction proceeds in a manner denoted 
by the curve of the group (j) correspondhig to this pressure. The CO* re mains 
stable up to the temperature at which this curve begins to show a perceptible 
curvature. This curvature denotes the production of an appreciable quantity 
of CO, resulting from the dissociation of CO*, according to the reaction; 

2CO^»2CO +0*. 

At all points on this line, the degree of dissociation of CO* is given by the index 
of the line of the group e which passes through this point. Near 2000® c. (under 
I, atm. presmxe) tbeie appears an aj^neciabte proportion of xnonatom^i oxygen, 

. a^ between about 4000-6000® c. it is probable that the disikiciatkm of CO* 
viz;i CO* — CO + 0 (g), is appreciable;; It is probable that at about Sooo® b., 
; of tabe^ |dace with thb lonnatKm of carbm vap6nr, , 
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Zinc-Carbon-Oxygen System (Fig. 3). Zinc carbonate, ZnCOs, is the 
thermodynamically stable solid at room temperature in presence of i atm. Oj, 
on heatmg, it decomposes accordmg to 

ZnCOs(s) = ZnO(s) 4 - CO2 

probably with formation of solid solutions. ZnO is stable in the presence of 
sohd carbon and under a pressure of (CO2 + CO + Zn(g)) equal to i atm. m 
that region of the diagram bounded by curves d, h and c and by the isobar for 
I atm. On heating, ZnO is reduced by the carbon v ith simultaneous formation 
of CO, CO2 and zinc vapour according to the conditions which are approximately 
shown by curve m ; at each temperature the pressures of CO, CO* and Zn vapour 
and the total pressure of (CO 4- CO2 4 - Zn(g)) are shown by the four members of 
the groups of curves which pass through the points of the curve m corresponding 



Fig. 3. 

to this temperature; the influence of the temperature on the pressure due to the 
reduction of ZnO to Zn vapour can be expressed reasonably w^ by the equation: 

logP=. 2 m - 7 - 935 , 

which gives values similar to those obtained in 1938 by Decroly and by Meunier. 

At the point where curve m meets curve c, liquid Zn appears (i = 1049® c„ 
P = 7.3 atm.). As was found by Decroly and Meunier, tiie reduction of ZnO 
by carbon then proceeds with the simultaneous formation of zinc vapour and 
liquid zinc, as shown by curve c ; from these lines, one can determiue at each 
temperature the pressures of CO, CO, and zinc vapour, and, consequently, the 
total pressure and the yield of liquid zinc. 

Curves b and c show the conditions governing the equilibrium between zinc 
oxide and solid, or liquid, zinc ; the pressures of CO, and CO at various points 
on this curve are thus th^ above which CO, and CO will oxidise metallic Zn; 
for example, a gas containing 99 % nitrogen and i % CO under atmospheric 
pressure (when log ^co == — 2) will or will not oxidise zinc according to whether 
the temp^ture is greater or less than 764® c. 

Isobars 

(i) General Trends of the Isobars. The isobars denote the oxygen 
pressure and temperature at which the various condensed substances (solids 
and liquids) are in equilibrium with an atmosphere in which the sum of the 
partial pressures of the various gases is fixed. 
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These curves are inscribed in a polygon consisting of straight-sided ♦ segments 
each of which corresponds to the equSibrium of a condensed phase with a gas 
at a constant partial pressure. In those regions of the diagrams in which the 
composition of the system does not vary appreciably, the isobars are virtually 
identical with these seginents; they are then therefore virtuaUj- straight lines 
along which the composition of the system hardly changes. Any perceptible 
variation in the reactmg system produces an appreciable change in the slope of 
the isobars. This change is sharp when the composition of the system alters 
sharply, i.e., when a condensed phase appears or disappears ; the isobars thus 
have points of discontinuity w^here they cross the limits of stability of the con¬ 
densed phases. This change of slope is gradual when the composition of the 
system alters gradually, i.e., when there is a change in the composition in the gas 
phase, in a solid solution or in a liquid solution. The isobars then display a 
curvature in the neighbourhood of their crossing of the limits separating the 
regions in which different gases predominate. 

Examples. —(i) In Fig. i, relating to the zinc-oxygen system, cun^e d 
separates the regions in which liquid zinc and solid zinc oxide are stable, and cur\’e 
/ separates the regions in which gaseous zinc or oxygen gas predominate in the 
presence of solid zinc oxide; the isobars thus cross curve ^ at a point of discon¬ 
tinuity and are curved in the vicinity of their intersection with curv-e /. 

(2) In Fig. 2, relating to the carbon-oxygen system, the cur\"e e, with the 
index zero, separates the regions in 'which CO2 and CO predominate, and the cun^e/. 
with the index zero, separates the regions in w^hich CO and C{g) predominate. The 
isobars therefore display a curvature in the vicinity of their intersections with 
the curves e and / with the index zero. 

(ii) Indinedy Vertical and Horizontal Branches. All curves drawn 
represent the equilibrium conditions of a transformation or group of transforma¬ 
tions of which tile heat content (or heat of transformation at constant pressure) 
expressed in terms of i g. mol. O2 liberated, is given in sign and magnitude 
by the slope of this curve. A slope of unity corresponds to a quantity of heat 
absorbed equal to 4575 cal./g, mol. O* combining m the reaction. 

A curve rising from left to right corresponds to the equilibrium of an exo¬ 
thermic oxidation reaction; and one failing from left to right to that of an 
endothermic oxidation reaction. A vertical curve corresponds to an equilibrium 
in which free O# does not take part (and for w^hich Qhi, w^here Q is the heat of 
transformation per n g mol. O2, is thus infinite). A horizontal cur\"e corresponds 
to an equilibrium occurring without liberation or absorption of heat (and for 
which QIn is thus zero). 

It is thus evident tiiat the inclined curves represent oxidation equilibria, 
the vertical curves represent equilibria of vaporisation or dissociation not 
invol'ring free O2, and the horizontal curves represent transformation taking place 
without the absorption or evolution of heat. 

Examples. —(i) In Fig. i, relating to the zinc-oxygen syutem, the vertical 
branches b correspojid to the vaporisation of metallic zinc ; the inclined curves 
c correspond to the exothermic oxidation of zinc \-apour to solid ZnO; the 
horizon^ branches which are the upper portions of isobars correspond to 
an increase or decrease of the partial pressure of oxygen by non-chemical causes, 
without evolution or absorption of heat, 

{2) In Fig. 2, relating to the carbon-oxygen system, the branches d of the 
isob^ which rise steeply correspond to the strong^ exothermic reaction, 
C -f- O, = CO2, the less steep branches c correspond to the less exothermic 
reaction, 2C -I- O2 = 2CO, and the vertical branches to the vaporisation of solid 
carbon to C(g) or C,(g). 

Hence by inspection of a diagram it is possible to tell w’hether, for instance, 
an oxide will or will not decompose on heati^; e.g., wheii the region of stability 
of an oxide is bounded on the right by sloping isobars, this oxide is decomposed 
by heat 'with gaseous components (as, for example, with CdO, HgO, ZnO and 
OiO which decompose on heating to give the metallic vapour and oxygen). On 

* In the cases where Scheffer’s rule does not apply these segments are not straight, 
but are more or less curved. 
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the other hand, when the region of stability of an oxide is bounded on the right 
by vertical isobars, the oxide is vaporised by heat without decomposition (as 
for PbO and MoO,, and, except under very strongly reducing conditions, for 
H3O). 

(ill) Points Having Horizontal or Vertical Tangents« Certain of the 
isobars have horizontal or vertical tangents. 

(a) Horizontal Tangents. It may be shown that a point on a curve 
having a horizontal tangent corresponds to the attainment of an equilibrium by 
a group of endothermic and exothermic reactions in such a way that the sum of 
the heat changes of these reactions is zero ; thus the relative quantities of sub¬ 
stances taking part in the various reactions is such that the heat liberated by the 
exothermic reactions is equal to the heat absorbed by the endothermic reactions. 

In the case of a number of 
reactions written in the form: 

Oj “1“ WjBj VjlVIj = o 
Oj -{- ^ = o 

in which there take part n 
molecules of a gaseous sub¬ 
stance B and v of the con¬ 
densed substances M, per 
molecule of diatomic oxygen 
O* involved, and of which 
the heat contents are respec¬ 
tively AHi, AHj, etc., this 
condition can be expressed 
analytically as will be shown 
below’, as 

_ n 


Examples. —(i) In Fig. 2 
and 5 relating to the carbon- 
oxygen system, each isobar 
has a point at which the 
tangent is horizontal and at which the sum of the three reactions: 

2C(5) + O* = 2CO (AH = 11,200 X 4-575) 

C(s) == C(g) (AH == -42,960 X 4 - 575 ) 

2C(s) = C,(g) (AH « -49.350 X 4 - 575 ) 

takes place without the evolution or absorption of heat. This condition is 
fulfilled when 

+ X X = o 

(2) In Fig. 3 and 6, relating to the zinc<arbon-oxygen system each isobar 
has a point whose tangent is horizontal at which the three reactions: 

C(s) - 1 - Oj = CX>, (AH = 20,280 X 4*575) 

2C(s) -)- O, == 2CO (AH « 11,200 X 4 * 575 ) 

2ZiiO(s) =» 2Zn(g) -f- O, (AH — 48,520 X 4-575) 
takes place without the evolution or absorption of heat. This condition is 
failed when 

^ XX /.CO + X X= o 

(b) Vertical Tangents* A point on a curve at which the tangent is vertical 
corresponds to the case where the sum of the transformations in the system 
takes place without exchange of oxygen (or other substances) with its surroundings. 
The partial pressures of each of the reacting substances then have values 



Fig. 4.—Zinc-oxygen equilibrium (detail). 
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corresponding stoichiometrically to the quantities required by the possible 
reactions. As will be shown below this condition can be expressed analytically as 



Examples. —(i) In Fig. i and 4 relating to the zinc-oxygen system, each 
isobar displays at the top right-hand portion a point at which the tangent is 
vertical; here solid ZnO is in equilibrium with an atmosphere of zinc vapour 
and oxygen, at partial pressures such that 

^4. ^ = O 

— I 2 

i.e., Pzr. = 2^0, 

The locus of points in Fig. i and 4 at which the isobars have vertical tangents 
thus represents the conditions under 'which the thermal decomposition of ZnO 
can occur according to zZnO 2Zn(g) -j- O, in surroundings initially free of 
zinc and/or oxygen compounds other than ZnO. It may be shown on the basis 
of the equations from which this diagram was constructed that this locus is a 
straight line: 

log Pot = — — 4 - 677, 
from which it may be shown that 

log (po. + + 7-24 ; 

this equation expresses the effect of temperature on the decomposition pressure 
of ZnO.* 

(2) In Fig. 3 and 6 relatmg to the zinc-carhon-oxygen system, the isobars 
representing pressures not ^eater than 7*5 atm. have in the centre of the 
diagram points at which their tangents are vertical, and carbon and ZnO are in 
eqidlibrium with an atmosphere in which carbon dioxide, carbon monoxide and 
zinc vapour occur with partial pressures given by 

I Pzm _ Q 

—I —2 2 

i.C., pZa. “ pco ■i" 2^00^. 

The locus of points in Fig, 3 and 6 at which the isobars have vertical tangents 
represents the conditions under which zinc oxide can be reduced by carbon 
through the reactions, 

2ZnO + 2C = 2Zn(g) + 2CO 
and 2ZnO -f C == 2Zn(^) -j- COj,! 

in surroundings initially free from compounds of zinc, carbon and/or oxygen 
other than ZnO and C. By measurements along curve m, which is the locus of these 
points, it is thus possible to determine the inffuence of temperature on the 
composition of the gas-phase (i.e., on the partial pressures of CO*, CO and Zn(g) 
and the total pressure). It must be remembered, however, -that curve m 
expresses the conditions of reduc'tion of ZnO only in those parte of the diagr^ 
where ZnO is a stable condensed phase, i.e., to the left of the point of intersection 
of this curve m and curve c (T = 1049® c., P = 7*5 atm.). Above this point the 
reduction results in the formation of liquid zinc, as has been established hy 
Decroly and Meunier,“ and the conditions of equilibrium for this reaction are 
represented by curve c. 

“Deny Hinault and Decroly, Experimental Researches <w the Metallurgy of Zinc 
(Li^e. 1938). 

^ Meuuier, Bulh Soc, chim. Belg., 1938, 47, 99. 

* Ref. ». 

t It is well known that this reaction consists of the two consecutive reactions ZnO 4- 
C= Zn(jr) -f CO and ZnO -f CO = ZnCg) -f CO,; this does not affect in any way the 
validity of thermodynamical study of the overall reaction, zZnO -1- C = 2Zn(g) + CO,. 
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As is shown by the two precediag examples, those points on the diagram at 
which the isobars have vertical tangents, govern the reactions of heterogeneous 
systems of practical interest: these points generally show the equilibria of 
interaction, dissociation and decomposition of the various condensed phases 
to which the diagrams refer ; and such a region in a diagram which would be of 
no practical mterest m a binary diagram (for example, carbon-oxygen) can 
become of interest if the superposition of another binary diagram (zinc-oxygen) 
modifies the isobars in such a way that they show vertical tangents in the 
ternary diagram (zinc-carbon-oxj^gen). 

(c) Mathematical Formulation of the Isobars and of Their Tangents 
Conditions under which these Tangents are Horizontal or Vertical. 

Let us consider tw o reactions 

Uj “f" T* S = o 
and Oj + WgBa + S = o 

in each of which gaseous diatomic oxygen, Oj, a gaseous substance B^ or Bj 
and condensed substances Mi or take part. 

The thermod)maimcal conditions for equihbrium in these reactions are: 

log^o, = ~ ^°*'^** • • • (l) 

log i>o, == y + B, - «»log ^ (2) 
Denotmg the total pressure by P, 

•P = K + .( 3 ) 

then from (i), the expression for the isobar relating to this pressure P, 

log^o, = ^ + B, - log (P - . (4) 

follows, and from (2), the expression for p^, 

= (po, X 10 ■ • ■ (5) 

is obtained. 

Substituting for ^b* in (4), 

log^o, = f + Bi - «1 log jjp - [po, 10 ^ "*J • (®) 

which is the general equation of the isobars of pressure P. 


To obtain the equations of the tangents of these curves, this is differentiated 
with respect of ijT, i.e , 


dlog^o. 
d iff 



Now, since 


dlog^-o. 


d j’o. I 
K log. 10' 


then dpo,^Po,d log po ^. log, lo. 

Substituting d in (7) then 

Vs§.is>-A -5i 

di/T n,‘ 
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dlog^c _ 

dlog^)o._ , »*i di/i 

di/T ” ■ ' / ' 

P [k . 10 


dlog^o, 

<u, by expanding 


d log ^ 0. _ 
d i/r ■ ~ 


«* ^iP[po, 10 ^ *)"• — - HiAi 


«> P (^^o, 10 ’’ ‘Y — Wj + Ml 

whicli is the general equation for the tangents of the isobars of pressure P 
By means of (3) and (5) this maj- be ■written as 


(8) 


dlog^oi 
d i/T 


-- wj'ls 

PBI 


or 

We have hnally 


d lo g po^ -f~ fiiA^ p^ 

dljT V.p^x^H^P^, 

4 _ 

^ ^Qg po* ^ 

d 1/2 pji^ 

Wl «2 


( 9 ^ 


which represents, as does (8), the general equation of the tangents of the isobars for 
the pressure p^^ + ps^, where p^i and pa^ are the partial pressures of the two 
gaseous substances taking part in the two reactions considered ; and ni and 
are the stoichiometrical coefficients with which these two gaseous substances 
take part in the reactions as wTitten above. A^ and A^ are related to the heat 
contents of these two reactions by : 

Affi = —4-575 

AHj = -4-575 ^2 


Where there are considered not two, but any number of reactions, {9) may 
be written in the form : 


d log po^ 
d i/r 



{10) 


From this equation, (ii) and {12), which express the conditions under which 
the tangents to the isobars will be horizontal and vertical respectively, are 
obtained. 

Thus, for horizontal tangents, 

l„) 

or, since AH = —4-575 A 

^ ^ o.{„!) 

This equation states that the partial pressures pa of the reacting gases have 
values such that the total heat content of reaction is zero. 
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Examples. — (i) In the case of the carbon-oxygen system, the equation ol 
the locus of the points in the diagram at which the isobars have horizontal 
tangents may be obtained by applying eqn. (ii) to the three following 
equilibrium equations : 

O = _ 8-02 + log (Reaction C{s) = C(g)) 

o = _ 8-98 4- log (Reaction 2C(s) = C,(g)) 


log po,= — — 9-64 + 2 log pco (Reaction 2C(s) + O* = 2CO) 


From these equations it follows that 

5600 


( 5600.10 X VPo.) —(49,350.10 I — 1 42,960.10 / “ ® 

')] ■« 


which, expressed as a function of log^o, and i/T, may be written: 


log = 2 log I { 7-672.10 


[(’ 






812.10 


This is the equation of a curve j\ drawn in Fig. 5, which is the locus of points 
at which the tangents of the isobars are horizontal. The curve j has two asymp¬ 
totes whose equations are respectively : 


logK = - 4- 8-17 


(ft) 


and log:^o, = — ^P9j?oo . ... \T) 

(2) In the case of the zinc-carhon-oxygen system the equation of the locus 
of points at which the isobars have horizontal tangents may be obtained by 
applying eqn. (ii) to the three foUo\ving equations : 

log^^o, ~ -f 20-90 — 2 logpzxL (Reaction zZn -f- Of = 2ZnO(s) 

log^o, = — — 0-34 4- log^ico, (Reaction C(s) 4 - O, = CO,) 

log^o, == — “ — 9'54 4 - 2 log^co (Reaction 2C(s) 4- O, = 2CO) 

Because of the complexity of the expression which results from these equations, 
the determination of the locus of points at which the isobars have horizontal 
tangents is performed graphically on the basis of the equation : 

24,260 pza ^ 20,2Sopcot + S^Opco 

giving curve ^ of Fig. 6. 

For the tangents of the isobars to be vertical, it follows from (lo) that 



This equation states that the partial pressures pa of the gaseous reactants have 
values such that the total quantity of oxygen involved in the group of reactions 

Oj fii Bj -f- Vj, Mj = o 
Ojj "i* Bji Vj hi] o 

is zero. 

The group of reactions which can take place is thus accomplished without 
the transference of oxygen or any other substance to, or from, its surroundings : 
i,e., the reacting system is a ** closed one, 

TVo examples have been given above of the application of this equation to 
the particulax systems zinc-oxygen and zinc-caxbon-oxygen. In Fig. 4 and 5 
which represent portions of the diagrams relating to the equilibria of these two 
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systems, the loci of the points at which the tangents of the isobars are vertical 
are shown by curves g and m. 

The Phase Rule 

The variance of the physico-chemical systems whose equilibria are represented 
by the diagrams discussed above can be deduced by simple examination of these 
diagrams and by the application of the following rule ;— 

All curves in tiie diagrams correspond to a umvariant system, except when they 
are affected by a parameter involving the values of -file partial pressures (or 
concentrations) of two substances other than diatomic oxygen Oj; in this case 
the system is bivariant. 

As a result of this (apart from the few curves which are affected by such 
a parameter) ;— 

A point corresponds to an invariant 
S3rstem, a curve to a univariant 
system and a group of curves to a 
hivariant system; and for the lines 
which are affected by such a para¬ 
meter, a point corresponds to a 
univariant system, a curve to a bi~ 
variant system and a group of curves 
to a trivariant system. 

A proof of ttiis rule which^holds 
good for any number of constituents 
in the system is given below. 

The number of degrees of freedom, 

V, of a physico-chemical system may 
be calcuhited from the following 
relation deduced by Be Bonder ; 

t; = c — r-f-2— 

where c is the number of independent 
reacting components, 

r is the number of independent 
chemical reactions, 

9 is the number of phases. 

Since the equilibrium conditions'^of 
all reactions have been expressed 
in the form 

log/>0. = logo’s 

where denotes the partial pres- 
sures of the gaseous components 
other than diatomic oxygen, O* (or 
the concentration of a substance in 
solution), which eventually tahe part 
in the reaction. Each of the curves, 
which denote the characteristics of 
the equilibria of these reactions, is relative to a hxed value of the fimctioii, 
^ogpo^ considered as a parameter, or, in the case of an isobar, to a given 
value of the total pressure 

P = p0,+ ^B. 

As this is the case, it is possible to calculate the variance of the system of 
which the equilibrium characteristics are represented in the diagrams : thus if 

a is the number of condensed substances not in solution taking part in the 
reaction, and 

** Be Bonder, van den Dungen and van Lerberghe, Lefons [de ihermadymmiiue et 
ckimie physique (Paris, 1920). 


a 
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b is the mimber of gaseous (and dissolved) substances of which the partial 
pressures (or concentrations) appear in the function log pB of the reaction 
equation, 

then, for each of the reactions, the difierent reacting components are those 
substances belonging to the two groups just considered, and diatomic gaseous 
oxygen O®. The number c of these reacting components is thus given by 


c = 4- Z> + I 


The phases are those which constitute the different non-dissolved condensed 
phases and the gas phase. The number of phases Q is given by 


Finally, for each reaction. 


0 = a + I. 
f 1, 


The number of degrees of freedom of each of the systems is thus given by 
t; =: (a 4- 6 -1- i) — I -4- 2 — (a + i), 
whence i? = 6 4- i. 

It follows from this that:— 

(1) A system in which a reaction occurs without involving a dissolved or a 
gaseous substance, apart from diatomic oxygen, (and for which & *= o) is 
univariant. 

(2) A system in which a reaction takes place involving one dissolved or ofie 
gaseous substance other than is bivariant. 

(3) A system in which a reaction takes place involving two dissolved or two 
gaseous substances other than O*, is trivariant. 

Since the conditions of equilibrium are represented in the first of these three 
cases by a curve, they are represented in the other tv'o cases by groups of curves ; 
each cui^'e of these groups relates to a fixed value of a parameter and thus 
represents the loss of a degree of freedom, the system thus produced has therefore 
a variance diminished by one unit. Thus, except in the third case, all the curves 
in the diagram represent a univariant equilibrium; in the third case they 
represent a bivariant equilibrium. 

Examples.— (i) In Fig. 1 { zinc - oxyge^i system there is no curve in which the 
function relates to two substances, and thus every curve in this figure 
represents an univariant equilibrium. At any particular temperature each of 
the systems depicted is completely fixed. 

Curve d represents the univariant equilibrium, ZnO(s) — Zn(/) —• O^ig). The 
group of curves e represents the bivariant equilibrium ZnO(s) — Zn(g) ■— Oa(g), 
which becomes univariant for each member of the group of curves (for which 
is constant). Thus for curve g, relating to the thermal decomposition of 
ZnO(s) (for which the condition = 2^>o, reduces by one the variance of 
the system) and for the isobars (for each of which the condition, pzo. + ^o, = 
constant, has been imposed). 

In Fig I, the invariant equilibrium, Zn(s) = Zn(Q is represented not by a 
point, but by a curve. This produces results in the system Zn(s) — Zn(Q — 0 »(g) 
being univariant, because it is possible for Zn{s) and Zn{t) to coexist at various 
oxygen pressures. 

In the top right-hand comer of Fig. i is a group of curves which are related 
to the homogeneous, bivariant, one component system Os(g) — 0(g); each curve 
of this group represents a S3rstem made univariant by the f^t that a fixed value 
of po has been imposed; at any point on these lines the S3rstem is invariant 
and fixed with respect to the temperature, po, and po, 

(2) In Fig. 2 (carbon-oxygen S3rstem) the lines of group e contain a function 
in which two substances other than O*, namely CO and CO» play a part. The 
system represented by this group of lines is thus trivariant. Each of these lines, 
relating to a fixed pcotlpoo ratio represents a bivariant system (e.g., the system 
CO, — CO — O, in which the temperature and one other property, e.g., 
P = p€o^pcon independently variable). Every point on these lines 


* It should be remembered tbat owing to the principle on which these diagrams 
were constmcted, O, is present in all the physico-chemical systems considered. 
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represents a nnivariant system (e.g.. Pis variable) except that if another condition 
is imposed, such as the coexistence of solid carbon, it becomes invariant. The 
system is then fixed, and the total pressure and the partial pressures of COg 
and CO have definite values which may be read on the diagram. 

(3) 3 (zinc-carhon-oxygen system) the part of the group of isobars 

(for which COg + CO + Zn = P = constant) which lie in the region where 
solid ZnO and solid C are mutually stable corresponds to the bivariant system, 
ZnO(s) ~ C{s) — (COj 4- CO -f- Zn(g) -r Og). On each of those isobars the 
system is univanant; at any temperature there is a fixed value of the partial 
pressure of each of the gases. If an additional condition is imposed on the 
system, it becomes invariant, and is then represented by a point. Thus, in the 



Fig. 6.—^Zinc-carboH'Oxygen eqailibrium (detail). 


presence of solid ZnCO*, the system is represented by the point of intersection 
of the isobar and curve d ; in the presence of liquid Zn it is represented by the 
intersection of the isobar with curve c ; in the presence of an atmosphere in 
which the partial pressure of CO and Zn{^) are equal, the i^stem is represented 
by the intersection of the isobar and the curve w. 

The authors wish to express their thanks to Messrs A. Juliard and R. 
Godeau, Professors at the University of Brussels, for the help they 
have given in discussions on the subject matter of this paper. 

Summary 

An examination is made of some properties of the diagrams of complex equilibria 
constructed by plotting the inverse of the absolute iemperatme as abscissa and fha 
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logaritliin of the equilibrium oxygen pressures of all the transformations which can 
occur m the sj'stem as ordinate. 

At all points in these diagrams the slope of the iayige^tts of the isobars are a measure of 
the quotient Q/«, where O is the heat content change of the sum of all the reactions 
simultaneously possible, and n the number of g. mol. oxygen needed by the system for 
these reactions. 

At the points where these tangents are horizontal, the total heat content of the reaction 
is zero: the quantities of substances taking part in the various reactions are such that 
the sum of the heat evolved by the exothermic reactions is equal to that absorbed 
by the endothermic reactions. 

At tile points where these tangents are vertical, the sum of the reactions occurs without 
the exchange of oxj’gen with the surroundings of the system : the quantities of sub¬ 
stances taking part in the various reactions are such that the quantity of oxygen liberated 
by the reduction reactions is equal to that combining in the oxidation reactions ; it is 
particularly at these points where the tangents are vertical that the heterogeneous 
systems of practical interest are represented. 

The variance of the physico-chemical sj’stems whose equihbrium characteristics are 
represented in these diagrams can readi}3^ be deduced from a rapid examination of 
them. 

A few examples are given from the systems : zinc-oxygen, carbon-oxygen and zinc- 
carbon-oxj’gen. 

Dept of Applied Physical Chemistry, 

University of Brussels, 

Belgium, 


STUDIES IN THE THERMODYNAMICS OF METALLURGICAL 
REDUCTION PROCESSES BY ELECTROCHEMICAL METHODS 

By B. a. Rose, G, J, Davis and H. J, T. Ellingham 
Received ist July, 1948 

For any chemical reaction or other reversible process which tends to occur 
spontaneously at any specified constant temperature and pressure and which 
can be " harnessedas a voltaic cell, the electromotive force, E, of the cell 
at that temperature and pressure, and its temperature coefficient, dEjdT, 
at constant pressure in the neighbouring temperature range, are directly 
related to the principal thermodjmamic characteristics of the reaction under 
the specified conditions. Thus, 

- AG = nFE 
AS^nF.dE/dT 

Aff = - AG ~ r.AS = nFE --nFT.dEldT 

where, for n g.-equivalents of chemical change under the given conditions, 
— AG (the decrease in the Gibbs function, G) is the free energy of the 
reaction, a measure of its “ driving force or tendency to occur spontane¬ 
ously ; AS is the increase of entropy accompan3dng the process; — AH is 
the heat of reaction—^the heat evolved when the unharnessed process occurs: 
F is Faraday's constant, 96,500 coulombs/g. equivalent, and, with E 
expressed in volts, the values of the above quantities will be in joules. 

Moreover, if all the substances participating in the reaction are at unit 
activity—each solid or liquid substance bemg present as a separate pure 
pha^ or as a saturated solution, and each gaseous substance (behaving as 
an ideal gas) at a partial pressure of 1 atm. —, the quantities E, — AG, 
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AS and — Aff will have their “ standard " values E®, — AG®, AS® and — AH'® 
for the specified temperature and 

nFE^ s - AG® = HTln Z 

where JR is the gas constant per g.-molecule (8*315 joules) and K the 
equilibrium constant of the reaction at that temperature. 

The simplicity of these relations and the fact that measurements of the 
E.M.F. of cells at various temperatures can be readily made with considerable 
accuracy renders such measurements particularly attractive for the deter¬ 
mination of thermodynamic data for reactions that can be harnessed in this 
way, especially as by the use of cells with molten salt electrol^’tes the 
measurements can be made up to any desired temperature. Moreover, in 
as much as for many reactions dE/dT and hence A 5 , and —- AH are sensibly 
constant over a wide range of temperature so long as all the participating 
substances remain in the same physical state, the temperature at which 
any change of physical state occurs is indicated by an abrupt alteration in 
the slope of the practically linear E — T curve, and nFT . ^(dEldT) at that 
point is the latent heat (in joules) of the change. 

Again, for a voltaic cell that behaves reversibty, the minimum voltage 
that must be applied from an external source in order to reverse the cell 
reaction is identical with the and measurement of such reversible 

decomposition voltages provides an alternative method for determining 
thermod3mamic data which is sometimes convenient though generally much 
less accurate. 

For the study of the thermodynamics of reduction and oxidation processes 
of metallurgical interest, over temperature ranges used in practice, several 
types of voltaic cells are available and have received some attention from 
this point of view. Thus, cells of the Daniell t3q)e with molten (or solid) salts, 
especially molten halides, as electrol5d:es, e.g., M | MCI2 1 M'Cla 1 M', have been 
extensively studied by Lorenz and his collaborators.^"* The cell reaction 
being M' + MClg — M -f M'Clg, the displacement of one metal by another, 
the E.M.F. of the cell at a given temperature, if corrected for any potential 
at the junction of the two salts, wordd give the difference between the free 
energies of formation of those salts at that temperature. Unfortunately, 
little is known about the magnitudes of liquid junction potentials between 
molten or solid salts in general, and the absence of activity and mobility 
data for the relevant ions precludes even their approximate assessment. 
There is good evidence that such liquid junction potentials between chlorides 
of similar metals are negligible but it is not certain how far this extends to 
salts of somewhat different types. This limitation is avoided by the use of 
cells with a single electrolyte, such as M j MCI2 1 CI2, also studied by Lorenz 
and others, and, with special reference to the activities of components of 
salt mixtures, by Hildebrand and his co-workers®~®; or M 1 MO, molten salt [ 0 * 
largely investigated, especially by Baur and collaborators,^® in the course of 
work on fuel cells. Although the e.m.f. of these cells may provide a direct 
measure of the free energy of formation of chlorides, oxides, etc., other 

^ Lorenz and Kaufler, BUhirochemte geschmolzener Sahre ( 1909 1 

• Lorenz and Qppenlieimer, Z. anorg. Chern,, 1927, *6i, 1S3, 

3 Jxaenz and Alichael, Z. physik. Chem. A, Z92S, Z37, i. 

* Xx>renz and Velde, Z. anorg. Chem.^ 1929, 183, 81. 

* Oppenheimer, Z. anorg. Chem., 1930, 1^, 297. 

• Hildebrand and Rule, Amer, Chem. Soc., 1927, 49, 722. 

^ Salstrom and Hildebrand, J. Amer, Chem. Soc., 1930, 5*, 4641. 

* Wachter and Hildebrand, J. Amer, Chem. Soc., 1930 , 5*» 4^55* 

• Salstrom, J. Amer. Chem. Soc., 1934, 5®* ^*7^- 

Baur and Tobler, Z. Elehtrochem., 1933, 39, 269 (summary of work on fuel cells); 

Baur and Brunner, Z. Elehirochem., I935» 4** 794 ? ^937» 43» 7^5* 
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difficulties enter, notably in obtaining reliable gas electrodes, especially for 
oxygen. The work of Treadwell, Annnann and Ziirrer ^ on cells giving the 
free energy of formation of magnesium oxide affords, however, a good 
example of the successful application of this method to oxides. 

In measurements of the decomposition voltage of such molten salt systems 
the question of providing a gas electrode does not arise but considerable 
uncertainties enter in the necessary extrapolation of voltage data to zero 
current. The work of Cuthbertson and Waddington on the decomposition 
voltage of alumina dissolved in molten cryolite, using a platinum anode, 
shows, however, that this method can be usefully applied. 

The accuracy of direct measurements of e.m.f., as well as of decomposition 
voltage, on systems involving molten metals and salts may also be seriously 
affected by the tendency of the metal to disperse in the melt forming a 
'‘metal fog”.^® In some systems hydrolysis of salts through traces of 
moisture may also introduce notable errors (see below). 

One of the main purposes of the present investigations, carried out 
at the Imperial College in 1936-40, was to explore the possibilities of electro¬ 
chemical measurements of the above t3rpes in furnishing data of metallurgical 
interest, with special reference to the influence of various factors on fiieir 
accuracy and reproducibility, e.m.f. or decomposition voltage measurements 
were made on a variety of systems that might give information on the 
reducibility of representative halides, oxides and sulphides at temperatures 
up to 1006'* K. 


Experimental 

Cells were set up in an electric furnace consisting of a section of iron pipe, 
coated externally with an insulating layer of asbestos paper on which was “wound 
Nichrome wire with an external coating of asbestos paper, the vvhole being 
placed vertically in an iron canister filled with sand. This simple tjrpe of furnace 
proved entirely satisfactory for temperatures up to 1000® k , particularly as the 
use of the heavy iron pipe ensured uniformity of temperature in the interior 
over a considerable length. Where the leads from the electrodes of a cell to the 
exterior of the furnace were of difierent metals, the thermo-E.M.F. arising was 
determined by direct measurement and the apparent e.m.f, of the cell corrected 
accordingly : the greatest values of this correction (at 1000® k.) were o*oii2 v. 
for silver/graphite and 0-0158 v. for silver/nickel. 

Reducibility of HaUdes 

(Experimental Work by B. A. Rose) 

Measnrenaents were made of the e.m.f. of the following cells over ranges of 
temperature up to 1000® k. :— 


A 

+ Ag| AgCl 1 PbCl* 1 

1 

B + Ag 

1 Agl j AgCl i PbCl. 

Pb 

C, C' 

-{” Ag j AgCl 1 SnClj 

Sn 

D -f- Ag 

1 Agl i AgCl i SnCl, 

Sn 

E 

+ Sn 1 SnCl,} PbQj 

Pb 

F 

± Agl AgCl 1 Agl 

Ag 


and the results are shown on an E-T diagram in Fig, i, with reference letters 
as above. Points determined by Lorenz and co-workers for cells A and E are 
shown by open circles: for cell A they agree reasonably well with those obtained 

“ Kelv, tMm, Acta, 1936, xg, 225. 

** Ttans. Faraday Soc,, 1936, 3a, 745 

** Kax]^t5chov and Poltorateka, 7. Physic. Ckent., 1936, 40, 763 ; Drossbach. Trans. 
Electrochem. Soc., 1936, 70 (prqoint 18), 
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in the present work, but for cell E they are too scattered to afford a basis of 
comparison. Similar irregularities were observed by the present authors in some 
preliminary measurements, especially on cells with stannous chloride half¬ 
elements, and were no doubt due, at least in part, to hydrolysis of the salt 
through the presence of moisture. In order to eliminate moisture that might 
enter during the filling of such cells, Salstrom and Hildebrand ’ adopted the 
practice of passing a stream of dry hydrogen chloride through the molten salt, 



and it was found that this procedure, generally maintained after the cells were 
set up, greatly improved the reproducibility and consistency of t^ results. 
This improvement may be due in part to the action of HCl in preventing fom^- 
tion of metal fog, for lead chloride in cells where this treatment was applied 
was found to remain white whereas otherwise it became black. The data repre¬ 
sented in Fig. I were all obtained after the passage of HCl through PbClt, as well 
as SnCl*, melts bad been adopted as a regular practice, using specially designed 
electrode vessels of I^ex glass illustrated in Fig. 2. The consistency of the 
results thus obtained for cell E, as compared with those of Lorenz and 
Oppenheimer,* is satisfactory though the absolute accuracy of measurements 
of cells with SnClt half-elements may still not be very high^ as is indicated by 
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the discrepancy between values for cell C in separate investigations (lines C 
and C^) 

At any temperature above the melting points of lead chloride and stannous 
chloride, substitution of the half-element Ag | Agl j AgCl for Ag | AgCl in cells A 
and C produces substantially the same change in e.m.f., which agrees well with 
the E.M.F. of cell F, e g., 

£3 £q—£3 £q*—£ 3 £p 

at 850° K. 0*027 0*029 0*032 0*028 

On the other hand, while the difference in e.m.f. of similar cells with Pb | PbClj 
and Sn [ SnCl* half-elements is satisfactorily constant, this difference is by no 
means equal to the e.m.f. of cell E, e.g., 



Ex-Eo 

E,~~Eji 

£b 

at 800® K. 

0-083 

0-085 

0*025 

at 850® K. 

o*o8i 

0-083 

0*023 


Lorenz and Michael,® from their discordant values for cell E, reported that £3 
was about 0*031 v. at 773® k. It must be concluded that the difference between 




the junction potentials for AgCl j PbClj and AgCl | SnClj differs notably from that 
for PbCl, j SnCla, presumably broause of the unequal extent of some specific 
interaction of A^l with PbCl, and SnClt, due perhaps to Sn*' ions having a 
greater tendency than Pb'* ions to form complex anions in the presence of Ag 
ions. 

As the e.m.f. of a cell with two or more electrolytes is determined not only by 
the electrode reactions but also by the tendency of the electrolytes to mix 
irreversibly, the values of thermodynamic quantities derived from it may also 
differ notably from those appertaining to the simple metal displacement process, 
and the possibility of specific interactions occurring to diverse extents at salt 
junctions introduces a further uncertainly in the interpretation of such data. 
Nevertheless, the effects of these factors on AS and — AH are probably much 
smaller than on £ and — AG, and “ apparent ** values of the former quantities 
obtained in this way, such as those given below for the temperature range 775- 
1000® K, may be useful as approximate data in connection with metallurgical 
processes involving molten halides. 
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CeU: A B C D E F 

— AH (kcal./g.-equivt.) 14-54 23-50 13-42 21-88 x-17 — 8-03 

For the displacement of tin by lead, A —- C gives 1*12, in good agreement -with 
1*17 from cell E ; the notably higher figure, 1*62, from B — D may be due, at 
least in part, to uncertainty in the slope of curv^e B, for the points are abnormally 
scattered at higher temperatures. 

In Fig. I the temperature at which the e.m.f. of cell F changes sign is about 
770° K., while those at which curves A and B and curves C and D intersect (which 
should be the same) are 780° and 772° k. respectively. Melting points given by 
changes in the direction of the lines are 725® k. for AgCl (Imes A and C), 771° k. 
for PbClg (line A) and about 820® k. for Agl (lines B, D, F). From the change of 
slope of curve C at 725® k. the latent heat of fusion of AgCl comes out as 
3-15 kcal./g.-equivt. (22-0 cal./g.). Measurements were not continued far enough 
below the melting points of the other salts to permit determination of their 
latent heats of fusion with reasonable accuracy. 

It is concluded that reasonably reproducible values for the e.m.f. of Daniell 
cells with molten halide electrolytes can be readily obtained if due precautions 
are taken to prevent hydrolysis of salts such as stannous chloride and to minimi se 
metal fog formation, and that, although liquid junction potentials may not always 
be negligible, their magnitude can often be estimated from difterences in the 
E.M.F. of cells in which one half-element is varied. From the results of such 
measurements over a sufficiently wide range of temperature useful data for 
heats of reaction and latent heats of fusion, as well as for free energies of reaction, 
can be determined with sufficient accuracy for many practical purposes. Exten¬ 
sion of the method to cells with salts of other ty^s and to complex melts 
involved in specific metallurgical processes, might "well aftord the simplest 
means of obtaining such data. 

Reducibility of Oxides 

(Experimental Work by B. A. Rose and G. J, Davis) 

In recent years increasingly accurate data for the free energy and heat of forma¬ 
tion of metal oxides at temperatures used in smelting operations have been 
obtained, largely from thermal measurements, by various investigators, notably 
by Chipman and his collaborators. Critical examinations of such data have been 
made by Kelley and later, more completely, by Thompson.^ The value of a 
general {— AG)-r (or E-T) diagram in indicating the conditions under w^hich the 
oxides of the various metals can be reduced by particular reducing agents, 
including other metals, has been shown by EUingham.^* 

Much remains to be done, however, not only in obtai ni ng still more accurate 
values of free energies, especially at higher temperatures, but also in determining 
the effect of varying the concentration of an oxide when it is present as an 
unsaturated solution in a molten system, a condition commonly met with in 
practice. In the present work the possibility of investigating such effects 
E.M.F. measurements has been explored using solutions of stannic oxide and of 
plumbous oxide in molten caustic soda. 

The cells employed were : 

A + 0 , (Ag or Pt) I NaOH, SnO, | Sn 

B 4 - 0 ,(Ag) I NaOH,PbO | Pb 

They were set up in the form shown in Fig. 3 using recrystallised alu min a, 
ARR (Morgan Crucible Co.) as the material of the containing vessel and 
oxygen electrode tube. Direct experiment had shown that this material, which 
is free from siliceous bonding material, was not appreciably attacked by molten 
caustic soda under the conditions of the investigation ; at 900® k. the loss was 

D'.S. Bur. Mines Bull., 1932, and onwards, _ 

« The Total and Free Energies of Formation 0 the Oxides o* Thirty^wo Metals (The 
Electrochemical Society, X942}. 

J. Soc. Chem. Jnd., 1944^ 63, 125. 
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only about 0-0015 g,cm The same material was used for the perforated 

tube surrounding tiie oxygen electrode (Fig. 3); for cell B this tube contained 
only caustic soda so as to minimise possible errors due to oxidation of PbO. 

The results are shown in Fig. 4. Those for ceU A refer to stannate melts in 
which the mole fraction of SnO* (determined by analysis of the solidified material 
after use) was (a) 0-0096, (b) 0-0126, (c) 0-0316, (d) 0-023 > ^ (a) and (c) 

the oxygen electrode was set up with platinum as intermediary whereas in 
cells (b) and (d), investigated at a later date, silver was used. The plumbite melt 
contained a small but undetermined concentration of PbO. The lines marked 
SnOa, SnO and PbO represent, in terms of e.m.f., the most probable values of 
the standard free energy of formation of these oxides derived from the equations 
given by Thompson.^® The small difference between these values of E® for the 
formation of SnOa and SnO (e.g., 0-0209 v. at 800® k.) indicates that in a melt a 
notable proportion of SnOa tends to be converted to SnO in the presence of tin. 

This does not afiect the proposi¬ 
tion that if an indifferent melt 
were fully saturated with SnO* 
the E.M.F. should correspond 
■with the standard free energy of 
formation of SnOa at the given 
tempera-fcure. The same applies 
to melts saturated "with PbO, 
though m -this case the corre¬ 
sponding equilibrium with PbOa 
lies well over on the side of PbO. 

The relative positions of the 
lines A (a~-d) and the SnOa litift 
show that decreasing the con¬ 
centration of SnOa ill the melt 
raises the e.m.f. of cell A, as 
is to be expected, though the 
higher e.m.f. values at most 
temperatures for Ac as com¬ 
pared with Ad indicate that 
the accuracy and reproducibility 
are not sufficient “to show the 
efiect of small differences in con- 
centra-tion. More concentrated 
solutions were too viscous to be 
used in a cell with an oxygen 
electrode and it -was not practic¬ 
able, therefore, to obtain lines 
nearer *to that for SnO,. The 
wide gap be'tween the lines for cell A and that for SnO, corresponds to a 
very low activity of SnO, in the melts employed, as would be expected from the 
tin being present essentially in form of complex anions wi-th only an 
extreme^ small effective concen-tration of the Sn*" ** ions which presumably 
determine the potential of the tin electrode. On the other hand, in the presence 
of excess caustic soda, ions that determine -the potential of the oxygen electee 
probably have a much higher effective concentra*tion than if they were derived 
solely from -the stannic oxide, thus making the e.m.f. lower than it would be in 
an indifferent solvent that did not furnish such ions. Preliminary experiments 
with similar cells with ZnO and CdO in molten caustic soda gave £.m.f. values 
that were actually slightly less than those derived from the — AG® data for 
pure cxjddes, so that it is clear that more information is required before activity 
data can be deduced from such measurements. Nevertheless, the e.m.f. values 
should reflect the extent to which oxides become increasingly difficult to reduce 
as their concentration in molten caustic soda is diminished, and are thus of 
direct practical significance for reduc'tion processes in such ^tems. Also, the 
results fc»r SnO, may give some indication of the probable behaviour of SiO, in 
similar s]rstems; thus, a comparable lowering of the activity of free silica in a 
HgQ-SiO, system with excess of MgO ■would support ■the explanation given 



Fig. 4 . 
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for the relatively low temperatures required for the reduction of MgO by silicon 
(or ferro-silicon). 

Interest also attaches to the effect of dissolution on the heat of reaction: 
values denved from the hues m Fig. 4 are as follows : 


CeU: 

A (a) 

A (b) A (c) A (i) 

SnO, 

— AH (kcal./g.-equh-t) 

363 

36-4 36-5 357 

- AH“ = 34-8 

CeU; 

B 

PbO 


— AH (kcal /g -equivt) 

27-4 

- AH" = 26-2 



The difference between a value of — AH and the corresponding standard 
value, — Ah®, should represent the heat of dissolution of the oxide in the 
correspondmg melt 

Reducibility of Sulphides 
(Experimental Work by G. J. Davis) 

The free energies of formation of a number of metal sulphides over a wide 
range of temperature have been collected by KeUey and the most probable 
(— AG®)-r relations set forth These data have been represented on a (— AG)-T 
diagram by Effingham^® so as to indicate the relative reducibihty of the various 
sulphides at any temperature. 



The fact that many sulphides of the hea\’y metals dissolve to a notable extent 
in the molten hahdes of the same or certain other metals, and that electrol]^ 
of such melts hberates metal at the cathode and may yield gaseous sulphur at 
the anode, suggests the possibility of obtaining approximate free energies of 
formation of sulphides from decomposition voltage measurements. Moreover, 
as the electrolysis of lead sulphide dissolved in molten lead chloride has been 
proposed^* as a means of extracting lead direct from sulphide ores with recovery 
of sulphur as a by-product, the extension of decomposition voltage measurements 
to practical current densities is also of interest in showing the voltage, and hence 
the energy requirement, for the electrolysis of this and similar melts at various 
temperatiires and current densities. 

” U.S, Bur. Mtnes Bull,, No. 406, 1937. 

Richardson, BuU. Inst. Min. Met., No. 387, 193^ ; NewaU, Trans. Inst. Chem. Eng., 
1938* I®. 98. 
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T^-pical CTirrent density-applied voltage cun.’^es obtained by electrolysis of 
sulphide-haJide melts and of pure molten AgCl and PbCla, with graphite plates as 
electrodes, in the temperature range 550°-6oo® c. are shown in Fig. 5. As in all 
such measurements, uncertainties enter in the extrapolation of the curves to 
zero current, for such curves are not in general strictly rectilinear or strictly 
logarithmic ; also small traces of more easily liberated impurities can greatly 
distort the cur\’es at the lower current densities. In systems of this particular 
type there may be other sources of error: thus, nothing is known about the 
conditions for anodic liberation of gaseous sulphur—^the extent of any polarisation 
or even if the process is completely reversible under these conditions. Again, 
it is possible that these sulphide-halide systems may not be wholly’’ electro- 
l3dic conductors ; some degree of electronic conduction is possible. 

Results obtained with pure halide melts give some confidence, however, in the 
assumption that the curv’es can be regarded as straight lines above a small 
current density (say, 0*2 amp/cm ^), for extrapolation on this basis gives 1*23 v. 
for PbCla at 550® c. (curve F) and 0-89 v. for AgCl at 560° c (curve E), the former 
being in good agreement with the value, 1-24 v., obtained by \Vachter and 
Hildebrand® by a direct e.m.f. measurement and the latter with 0-90 v. obtained 
by combining this with the present authors* measurement of the e.m.f. of the 
ceU Ag| AgCliPbClaIPb. 

The following decomposition voltages were obtained for the specified sulphide 
melts and are compared with e.m.f. values corresponding to free energies of 
formation of the sulphides at the same temperature, derived from the equations 
presented by Kelley. 


Curve in 
Fig- 5 

Sulphide 

Solvent 

g. sulphide 
per 100 g 
solvent 

Tempera¬ 
ture c. 

Decomposition voltage 
observed from—AG 

— 

BiaSj 

PbCla 

2 

550 

0-12 

0*23 

A 

Sb.Sa 

PbCla 

3 

572 

0*25 

0*24 

B 

AggS 

PbCla 

2 

530 

0-34 

0*30 

B' 

Ag,S 

AgCl 

5 

550 

0-35 

0*30 

— 

SnS 

PbCla 

5 

590 

0-40 

— 


SnS 

PbCla 

5 

600 

0*40 

— 

C 

PbS 

PbClo 

2 

590 

0-44 

0-45 

— 

CdS 

CdCla 

5 

600 

0-57 

0-67 

D 

ZnS 

ZnCla "i“ 

5 

550 

0*78 

0*82 


CaCla 

Measurements made on CuaS, CdS and ZnS in PbCla gave values corresponding 
to PbS, showing that these sulphides were less easily decomposed than PbS. 
ZnS was only very slightly soluble in PbOa and at a moderate current density 
the voltage for decomposition of PbS jumped suddenly to that for PbClg in the 
customary manner when one electrode process gives place to another. Even in 
ZnCla very httle ZnS dissolved and CaCla was, therefore, added to increase the 
solubility. 

Although these determinations are admittedly of a preliminary nature and 
the solutions used were of varying degrees of saturation, it is satisfactory to find 
that (a) a particular sulphide gives practically the same value in diberent sol¬ 
vents, and (b) the sequence of “Sie sulphides in order of increasing decomposition 
voltages is the same as that in order of increasing free energies of formation. 
A closer agreement between observed and calculated decomposition voltages 
could probably not be expected under the conditions of these measurements and 
in view of possible disturbances due to formation of stable complexes and to 
some degree of electronic conduction. 

The results indicate, however, that this very simple method, which could 
readily be applied over a wide range of temperature, might be developed to give 
data for the free energy of formation of sulphides of sufficient accuracy for many 
approximate metallurgical calculations. Moreover, the values so obtained refer 
to the actual systems used and require no correction for the activities of the 
substances concerned, quantities which can be obtained only from special 
investigations on individual systems such as have recently been instituted by 
Anderson.** 

Anderson and Ridge, Trans. Faraday Soc„ 1943, 39, 93, 98. 



THE PRIMARY REACTIONS IN ROASTING AND REDUCTION 

PROCESSES 

By J. S. Anderson 
Received 28th June, 1948 

Processes of roasting and reduction of metallic ores are, in general, hetero¬ 
geneous reactions of the type 

Asobd "I" Bgas Csohd Dgas 

The detailed mechanism of reactions of this kind—as indeed of all reactions 
of solids—^is, as yet, imperfectly understood, and it is therefore of interest 
to review the information which may be derived from as many lines of 
evidence as possible. In so far as the adequate sojourn of a gas molecule 
upon the surface of the solid reactant is a prerequisite for the occurrence of 
reaction, it is apparent that the first act in the chemical process must involve 
chemisorption. Studies by Gamer and his co-workers ^ of the adsorption of 
reducing gases (Hg or CO) and of their oxidation products (HgO or CO 2) 
upon the surface of metallic oxides have contributed substantially to our 
present understanding of the mechanism of reduction processes. 

When a molecule of hydrogen or of carbon monoxide is chemisorbed on ji 
metal oxide, it is, as pointed out hy Gamer, presumably bound as 2 OH 
ions or a CO®” ion respectively, by interaction with oxide anions of the 
surface. In either case, additional valence electrons must be accommodated 
in the ciystal lattice, and may be bound by lowering the valence of one or 
more cations. Similarly, in oxidation processes, the chemisorption of oxygen 
withdraws electrons from the ci^^stal lattice, generally by raising the valence 
of an appropriate number of cations. The localised excess electrons and 
positive holes, created respectively in these two processes, constitute impurity 
centres which confer electronic conducthity on the solid compound, since 
at temperatures above 0° K. a proportion of the electrons or positive holes, 
determined by some Boltzmann factor is mobile. The chemisorption 

of oxygen or hydrogen therefore confers semi-conducting properties on the 
substrate, and information derived from studies of semi-conductirfty can 
be useful to supplement that based on adsorption, especially as the relevant 
measurement can be made over the temperature range at which reduction 
processes or roast reactions become significant. This paper summarises some 
evidence derived from studies of semi-conduction in oxide and sulphide 
systems, carried out at the University of Melbourne, and for the most part 
siready published.^ 

The Reduction of Metallic Oxides 

The literature relating to the semi-conducting properties of metal oxides 
is extensive,^ but the general behaviour of compounds of this type is 

' /. Chem. Soc,, 1947, 1239. 

• |a} Anderson and Morton, Proc. Roy, Soc A, 1945, 184, 83; (b) Anderson and 

Morton, Trans. Faraday Soc., 1947, 43, 185; (c) Morton, Ttans, Faraday Soc., 
^ 947 * 43 » 194 I Anderson, Sevan and Shelton, J. Chem. Soc. (in press); 
(e) Anderson and ]^van (unpublished). 

* See, for example, Gndden, oAak. Xaiurwiss, 1934, *3, 222; Wagner a/., 

Z. phystk. Chem. B, 1932, 17, 467 ; 1933, an, 199. 212 ; 1934. 24, 59; 193^, 3^, 
^ 39 ; Meyer, Physik. Z., 1936; ref, 2 (d); Mott and Gurney, Electronic Processes 
tn Ionic Crystals (Oxford, 1940}. 

1:63 



i64 reactions IN ROASTING AND REDUCTION PROCESSES 


adequately summed up by the so-called Friederich-Meyer rule.^ This states 
that the electronic conductivity of those oxides derived from the highest 
valence state of the metal (e.g., ZnO, Ti02) is increased when the partial 
pressure of oxygen, in contact with the oxide at elevated temperatures, is 
diminished; conversely, for oxides derived from the lower of two accessible 
valence states (e.g., NiO, CugO), diminution of oxygen pressure diminishes 
the electronic conductivity. 

These empirical regularities find their interpretation in the statistical- 
thermodynamical model of the solid state, developed by Schottky and 
Wagner.® At temperatures above the absolute zero, the free energy of a 
stoichiometric crystal is a minimum vrhen a certain proportion of positive 
and negative ions is displaced from proper lattice positions, so that there are 
either (a) equal concentrations of vacant cation and anion sites, or (6) inter¬ 
stitial ions of one kind and an equal number of vacant sites. The stoichio¬ 
metric compound is, however, a special case; for the more general case of 
an ionic compound in equilibrium with one of its components—e.g., an 
oxide MO in the presence of oxygen, at temperatures where equilibrium can 
be attained—we must consider the possibility of adding or removing 0^"“ 
ions at the surface of the originally stoichiometric crystal by the processes 
(I) or (II). 

(I) 2M2+->2M»+-f2e 

JO2 + 26 0^" (on lattice site) -+• cation hole. 

(II) 0 ^"“ + (both on lattice sites) (gas) -f M*-*- (interstitial) 

+ 26 (trapped near interstitial atom). 

Process (II), by the ionisation of the trapped electrons, confers electronic 
conductivity on the resulting oxide; process (I) confers positive hole con¬ 
duction. Any change in the partial pressure of oxj'gen shifts the equilibria 
of processes (I) or (II), and thereby changes the conductivity in the manner 
already summarised in the Friederich-Meyer rule. 

In true equilibrium, lattice defects within the interior of the crystal lattice 
may be regarded as distributed at random. The free-energy change associated 
with the production of a lattice defect in the surface atom layer is, however, 
different from that of a defect remote from the surface ; hence the equilibrium 
concentration of defects at the surface will differ from that of the crystal 
lattice as a whole, and the extent to which a minute deviation from ideal 
composition can result from change in the oxygen pressure above a metallic 
oxide is, to some extent, dependent on the specific surface of the solid. 
Moreover, interaction of the solid with the gas phase creates defects at the 
surface; to attain true equilibrium these must be transferred to the interior 
of the crystal by a diffusion process. Diffusion in ionic solids is associated 
with high activation energy, and first reaches sig^cant magnitudes at 
temperatures around or above 0-5 (T^ = melting point of the crystal 

on absolute scale). Phenomena occurring at markedly lower temperatures 
can reasonably be regarded as involving the surface atom layers only. 

Recent work by Shelton, Sevan and the author® on the conductivity 
of some ample oxides (ZnO, FcgOg, CrgOg) and spinel-type double oxides 
(ZnFe204, ZnCrjO^) provides evidence as to the interaction between the solid 
oxide ph^ and the ambient gas phase. In this work, the resistance of 
fritted plates of the oxides was measured at temperatures up to 1000®, in 
oxygen pressures between i atm. and mm. and (with CrjOs and 

* Friederich, Z. PhysiK 1925, 31, 813 ; Meyer, Z. Physik, 1933, 85, *78, 

* Z. physik, Chem. B, 1930, 11,163. 

« Tammann, Z. anorg, Chem.» 1925, 149, 67. 
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in reducing atmospheres of hydrogen or carbon monoxide. The experimental 
details are fully reported in the reference cited and are, therefore, not 
recapitulated here. The t3rpe of conduction exhibited b}" these oxides 
accorded with expectations based on the Friederich-Meyer rule, as follows 
from the data summarised in Fig. i. ZnO, Fe203 and ZnFe204 are metal- 
excess, electronic conductors, whilst Cr203 and ZnCrgOj are oxygen-excess, 
positive hole conductors under all conditions, even when treated with 
hydrogen or carbon monoxide at high temperatures. It would, therefore, 
appear that a small stoichiometric excess of oxygen is invariably contained 
in the structure of these latter compounds. 





Observations on the conditions under which the oxides could, be^ equi¬ 
librated with the gaseous atmosphere, and the rate at which equilibrium is 
attained, are relevant to the present discussion of the mechanism of reduction, 
and may be summarised as follows. 

(i) The conductivity of metal oxides, in every instance examined, responds 
rapidly to changes in oxygen pressure, even at temperatures below the 
Tammann temperature. Thus, with ZnCrgO*, the resistance of a plate at 
520®, after treatment with hydrogen, fell immediately from i-6 X 10® ohms 
to 3-5 X 10^ ohms ; after 2 hr. in oxygen the resistance had assumed a final 
value of 2 X 10* ohms. At 760® the potential-leads to the same plate were 
connected to an oscilloscope; the movement of the trace resulting from 
admission of oxygen, evacuation, or admission of hydrogen, was senably 
perpendicular to the time axis. The melting point of ZnCr204 has not been 
recorded, but from that of CrgOa (1990® c.), and by analogy with ZnFe204 
(m.p. 1590°) and Fe^Oj (1565®) it can hardly be much lower than 1900° c. 
Hence it is improbable that processes occurring rapidly at temperatures 
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much lower than ca, 820° c. can involve inner diffusion. Similarly, with zinc 
oxide (m p. 2100® c.) the resistance at 500° (= 0*32 r,„) changed on exposure 
to a vacuum {po^>io-^ mm.) from 10® ohms to 100 ohms during 4 hr. 
These obsen^ations were made on oxides which had been i^ited and subse¬ 
quently fritted into plates at iooo°-iioo® for prolonged periods, during which 
considerable grain growth and recrystallisation must have occurred. A 
rough estimate of the self-diffusion coefficient based on Braun's and the 
Langmuir-Dushman approximation sets the mean diffusion path at 500® 
in 4 hr. as of the order of a few a., indicating that defects created at this 
temperature are effectively confined to the surface. 

We infer, accordingly, that the process changing the semi-conducting 
properties by alteration of the stoichiometric metal-oxygen rates, in the 
experiment cited, was a surface reaction. It is significant that the work of 
Jander ’ and of Huttig ® on solid-solid reactions and on the fritting process 
should point to the onset of processes involving bulk-phase diffusion only 
above a reduced temperature of 0*5 but of surface changes at about 
0-3 r,i». The latter corresponds well to the reduced temperature above 
which we have found the semi-conducting properties of oxides to display 
ready reversibility. 

(ii) The rapid process occurring at the surface is followed by rnigration 
of lattice defects into the crystal lattice. The total concentration of impurity 
centres thereby rises slowly, since the surface equilibrium is maintained, 
and the diffusion process may be observed as a dower drift of conductivity, 
following the initial rapid change that accompanies alterations in oxygen 
pressure. With zinc chromite, wMch appears invariably to deviate somewhat 
from ideal stoichiometric composition (oxygen excess), the slow second 
process is marked. 

(iii) The conductivity of CrgOa and of ZnCr204 was determined in the 
presence of carbon monoxide and of electroljrtic hydrogen, containing 
approximately 0*1 % oxygen; the latter was not removed, as by its com¬ 
bustion a constant Hg/HgO ratio was maintained in the gas. The equivalent 


partial pressure of oxygen j j in such an atmosphere is 

independent of the total pressure, so that if the primary process in the 




reduction of the surface were the evaporation of oxygen from the lattice 
(Fig. 2, IIa) —^as does take place in vacuum—^the resulting conductivity 


should be independent of the hydrogen pressure. Fig. 3 summarises two 
sets of preliminary^ measurements on ZnCraO* in hydrogen at 733®. The 
diminution in concentration of positive holes as the hydrogen pressure is 
increased clearly indicates a pressure-dependent adsorption equilibrium, 
creating new lattice defects (in this case annulling positive holes already 
present) by the mechanisms IIb, lie respectively; the evaporation of H2O 
or CO 2 from the surface then occurs as a subsequent stage in reduction. 
An identical mechanism brings about the creation of negative holes on the 
surface of oxides displaying metal-excess conduction (e.g., ZnO, FcgOg). 
This work therefore substantiates at temperatures where reduction processes 
take place, the mechanism deduced from Gamer's studies of adsorption on 
active oxides at lower temperatures.^ ® 

We can, accordingly, recognise three stages in the process of reduction of 
a metallic oxide to the metal phase. 


* cf. Jander and Hernnaim, Z, anorg, Chem , 1939, 241, 225. 

* cf. Huttig, Angew. Chem,, 1936. 49, 882; Kolhtd Z , 1941, 97, 281; 1942, 98, 

6, 263. 

* See also Gel'd and Esin, Butt, Acad Sci, U.R,S,S., 1946, 899; Bnt.Abstr,, 1947, 

4*, 2311. 
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Stage I. A surface process —chemisorption of the reducing gas, 
whereby lattice defects axe created at the surface. This initial act proceeds 
at relatively low temperatures, and becomes rapid at temperatures appre¬ 
ciably above 0*3 r,«. Gamer's work shows that two partial processes may be 
involved in this stage; some support for this \'iew is discussed below in 
relation to the primar}^ roasting reaction on sulphide surfaces. 



M“+ 0»^ M*+ 0 *- M»-r 
o*- M>+ 0»- M*+ 0«- 
M>-r M+ o*- M^-r 
0*-M+ 0*-M*+ON¬ 


STAGE II. Migration of lattice defects from the surface —a 
process dependent on the attainment of a sufficiently high diffusion coeffi¬ 
cient, and therefore of importance at temperatures above 0*5 

Stage III. Saturation of the crystal lattice with defects, with 
consequent appearance of a new phase (i.e., metal or a lower oxide). The 
measurements of semi-conductivity establish the fact that deviations from 
ideal stoichiometric composition are 
produced in the reduction process; 
general experience makes it evident 
that most crystal structures have only 
a small tolerance for departures from 
ideal composition. The simple statis- 
tical-thermodjmamic model is strictly 
valid only when defects are present 
in high dilution.® 

Few experimental studies have been 
made of this third stage. Some 
results recently obtained ^ on the 
conductivity of zinc oxide under low 
oxygen pressure appear to have some 
bearing on the nudeation of the new 
phase under conditions where reaction 
is restricted to a surface process. 

Experimental data, and a fuUer discusaon of the results will be presented else¬ 
where ; reference is made here to certain aspects relevant to the present 
theme. 

The evaporation of oxygen from the crystal lattice of zinc oxide may be 
represented by the equilibria 

Zna+(Q+0*+(Z)^i08 + Zn®+ + 2e . . (l) 

Trapped electron ^ free electron + • • (®) 

i®^Anderson, Proc. Roy. Soc. A, 1946,1135, 69. 
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Fig. 3 —Conductivity of ZiiCr304 in 
hydrogen. 
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where Zn®+ (Z), O®” (Z) represent ions on proper lattice sites, and the location 
of the resulting zinc atom {i.e., an ion + trapped electron) is open to discus¬ 
sion. Von Bamnbach and Wagner consider that the excess zinc is accom¬ 
modated interstitially, and that the electrons are trapped in the neighbour¬ 
hood of the interstitial ions. 

Then from (i), 

[Zn(i)]=Ai.;^o/’ .... (3) 

and from (2), if only a small proportion of the trapped electrons are freed 
thermally, 

[Zn®+(i)] [e ]2 = As[Zn{t)]. and [e] = 2[Zn*+(»)], 

so that [e] = . poi* .{4) 

If, on the other hand, the electrons may be trapped at any positive ion in 
the crystal, 

[e]=k'^.p-^* .... ( 5 ) 

Von Baumbach and Wagner measured the conductivity x of zinc oxide 
at two temperatures (550® and 600®) and over a very restricted pressure 
range (10-^00 mm. of oxygen), and found 

X = C. .... (6) 

By using a flow of oxygen or of (99 % N2 + i % 02)-mixture through a 
variable leak system, we have been able to maintain oxygen^ pressures 
between i atm. and lO"^ mm., and have measured the conductivity of zinc 
oxide tmder these controlled conditions at temperatures up to 800®. Some 



results are summarised in Fig. 4. At oxygen pressures from i atm. down to 
10"* — lor® mm., the conductivity follows the relation x the mean 

value of n being approximately 4-3 as found by von Baumbach and Wagner; 
there is some indication of a trend from higher to lower values of n with 
rise of temperature. 

At very low oxygen pressures {lO"^ — lO"® mm.) the conductivity becomes 
practically independent of oxygen pressure, indicating that the equilibrium 
of eqn. (i) to (4) or (5) no longer solely determines the concentration of 
conduction electrons. 

At high temperatures (e.g., 800®) there is a smooth transition from the 
state where (3) is approximately valid {pOt>o*x mm.) to that where x is 


^ Z, physik. Chem, B, 1933, I99. 
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independent of pressure (^o,<iO"® mm). At low temperatures, there is a 
discontinuous transition , when the oxt'gen pressure is reduced below sortie 
limit pc> the conductivity rises to its pressure-independent value. This 
discontinuous increase of conductivity is a slow" process ; careful equilibrium 
measurements show that the course of the curve is quite reversible, but that 
hysteresis loops are readily obtained at those low"er temperatures (e.g., 500®) 
where attainment of equi¬ 
librium is slow. On the linear 
portion of the log p — log x 
curve, including the meta¬ 
stable portion {p<pc) , response 
of conductivity to change of 
oxygen pressure is much more 
rapid, even at 500°. The magni¬ 
tude of the step in the log p — 
log X curve diminishes pro¬ 
gressively, and is displaced to¬ 
wards dightly higher pressures 
as the temperature is raised. 

ITiat the maintenance of 
equilibrium in reaction (i) is 
much faster than the process 
responsible for the step, sug¬ 
gests that this reflects the 
operation of a diffusion process. 

Furthermore, since this process 
occurs vrith moderate speed 
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occurs Wim UluuCJLcttc apccu . 

at a temperature as low as 500° (0-32 T„). a surface difft^on 
or one involving at the most the superficial atom layers, rather than diffuaon 
within the crystal lattice, appears to be indicated. This process sets m when 
the surface concentration of lattice defects rises sufficiently. ^ ^ does 
not vary greatly with temperature, whereas the extent to which me surface 
is stripped varies for constant po, according to some exponential facto 
e-s/*r the requisite concentration of defects apparently mcreases with 

temp eratoe . ^ phenomenon reprints the ^pkte 

dissociation of zinc oxide and the separation of metaJhc zmc, for b® 

free energy data “ the equilibrium pressure of oxygen is about mim 

at 8oo» I., and 3 X io-“ mm. at 1000“ K. The interpretation of the f^ 
is, therrfore, not yet clear. A tentative hypothesis is that the rnutum mter- 
action of lattice 4fects leads to the formation of ^ or^red monolayCT of 
zinc atoms on the surface, as envisaged by Fowkr. If t^ is vahd, 1 11^ 
cates a stage of z-dimensional reduction and nudeation prece<^ tte 
formation of the metallic phase. On this modd, as the surfa^ is stride in 
iTirTpaging d^iee by direct evaporation of oxygen, or by chemisorptim ra 
hydrogen or carbon monoxide, the following successive stages would be 
tr&vcrscd 

stoichiometric -»■ Non-stoichiometric -> Nudeation of 

oxide oxide with metal z-dimenaonal 

excess metal phase 

I 

Metallic phase in bulk. 


Truesdale and Warmg, /. Amer, Chem, Soc , i94^> ^ CMfueftozl 

» Fowler, Proc, Camb Phtl. Soc., 1936 . 3*. I44: Towler and Guggenheun, StattshaU 

Thmnodynamcs (Cambridge, r939)» P* 34®- 


F* 
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It may be noted that in addition to its role in the complete reduction of 
oxide to the metal phase, the surface condition obtaining at low oxygen 
pressures is that which promotes the processes of recrystallisation and 
fritting in oxide ceramics. 

The Roasting of Metallic Sulphides 

The previous section has summarised evidence for the formation of 
stoichiometric imperfections as intermediate stages in the reduction of 
metal oxides. Formation of markedly non-stoichiometric phases is more 
general amongst the sulphides of the heavy metal than amongst the oxides.^^ 
It is, therefore, of some interest to examine the role that such phases play 
in chemical reactions. 

The sulphides of the transition metals proper—e.g., the pjnrhotite FeS 
phase,^® cuprous sulphide and silver sulphide —^which have a wide com¬ 
position range, possess moderate or high electronic conductivity. The 
conductivity varies ^vith composition, but is intrinsically too great to be 
markedly affected by surface reactions. In stannous sulphide and lead 
sulphide—also derived from metals of potentially variable valency—^the 
metallic character is much less pronounced and the accessible range of 
composition much smaller, although for lead sulphide the variability of 
composition is probably detectable.^^ The stoichiometric compounds have 
a low electrical conductivity, but an excess of metal or of sulphur converts 
both into good semi-conductors. 

Oxidation of Glean Sulphide Surfaces.—The semi-conducting proper¬ 
ties of stannous sulphide have been described previously.® As prepared, 
with a slight stoichiometric excess of sulphur, the material is a positive 
hole conductor with fairly good conducthdty (x ca, o-i-o-oi at i8® c.). 
When heated in hydrogen at 300®, or w^hen baked in high vacuum for 
prolonged periods, the conducti\ity at 18® c. is diminished by a factor of 
lo^io®; persistence of positive hole conduction (as shown by measurements 
of thermodectric effect) indicates that a small stoichiometric excess of sulphur 
must remain. Stannous sulphide with electronic conductivity—^i.e., with a 
stoichiometric excess of tin—^is formed only by rather drastic reduction, or 
when brought into equilibrium with metallic tin as a separate phase. 

Admission of ox}"gen at the ordinary temperature to such a " reduced 
specimen of stannous sulphide instantaneously restores the positive hole 
conductivity. The conductivity acquired in oxygen is a function of the 
oxygen pressure (Fig. 6) and at high oxygen pressures may equal or exceed 
the conductivity of the original siilphur-rich material. 

It is evident that at relatively low temperatures ox}"gen is chemisorbed 
on to the sulphide surface, being bound as some moleciar or atomic oxide 
ion (see below^. As is discussed previously,® ® the conduction charac¬ 
teristics of the resulting “ oxy-sulphide are in no way different from those 
of the pure sulphide, and it would appear that 0 ®” ions can replace S® " ions 
in the crystal lattice in appreciable proportion. 

Lead sulphide resembles stannous sulphide in essential properties, but the 
tolerance towards variability in composition is distinctly wider. Hinten- 


cf. Ann. Reports, 1946, 43. 104 et seq 

Roberts. J. Amer. Chern. Soc., 1935, 57. 1034; Haialdben, Z. anorg. CHem., i 937 » 
asx. 78; 1941. 246, 169. 195. 

BuCTger, J. Chew. Phystcs, 1939, 7, 1067 ; Econ. Geol. 1941, 36. 19 
Reinbold and Schmitt. Z. physth. Chew. B, 1939, 44, 75 : Kracek. Trans. Amer. 
Geophys. Union, 1946, 27, 364. 

Ref, 2 (c); Schleede and Biiggische, Z. anorg. Chenu, 1927, 161, 85; Frey, Z. 
EUMrochem., 1930, 36, 511. 
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berger showed that the semi-conducting properties of evaporated of 
lead sulphide could be varied reversibly by exposure to sulphur vapour 
or by baking in vacuum. The com¬ 
position may be thereby changed from 
positive hole conducting (sulphur-rich) 
material to electron conducting (sul¬ 
phur-deficient) material. Our own 
observations indicated that the Pb'S 
ratio may be altered by upwards of i % 
in this process whilst preserving the 
homogeneity of the PbS phase. 

On exposure to oxygen, positive hole 
conducting lead sulphide behaves ex¬ 
actly as does stannous sulphide; 
chemisorption of oxygen takes place Fig 6—Conductivity of SnS m 
rapidly and fresh positive holes are oxygen, 

created. With electron conducting lead 

sulphide, the first chemisorption of oxygen diminishes the stoichiometric 
excess of lead, thereby destroying conducting centres and causing an 
immediate initial fall in conductivity. When the stoichiometric metallnon- 
metal ratio (i.e., S -f O) becomes < i, as the building of oxygen on to the 
structure continues, the conductivity rises agaia. Simultaneous measurements 
of the thermoelectric effect show that this effect changes sign, as the 
conduction mechanism changes, when the conductivity passes through its 
minimum value (Fig. 8). 




Fig. 7, —Change of conductivity of SnS with time following admission of oxygen. 
A — 0*01 mm, O3 admitted. 

B — o 001 mm. Oj admitted. 

C — 0‘002 mm. Og admitted. 

D — 0-028 mm Og admitted. 


In the two instances studied, the interaction between a sulphide surface 
and oxygen conforms to the general pattern established for the reduction 
process on oxide surfaces. There is some evidence that this is general, m 
that the oxidation of sulphide minerals (e.g., pyrrhotite) is particularly rapid 
in the case of those sulphides which deviate markedly from ideal stoichio¬ 
metric composition. Buerger has suggested that part of the uncert^ty 
attaching to the polsnnorphism of chalcocite, CU2S, arises from the reading 
with which oxygen is built on to the crystal structure to give an oxy-sulphide 
with the symmetry of the digenite phase, CugSi.n. 


Z, Fhysik., 1942, 119. r 
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Reactions following Chemisorption of Oxygen.—We have observed, 
in the oxidation of lead sulphide, and especially of stannous sulphide 
surfaces, progressive changes in the semi-conductivity which can be inter¬ 
preted as reflecting the course of chemical reactions following the initial 
step of chemisorption. 

The immediate great increase in conductivity observed at room tempera¬ 
tures after admitting oxygen, up to a small partial pressure, to a “ reduced ” 
surface is followed, over a period of hours, by a decrease in conductivity. 
Thus, for SnS pellet IV ® w at 20° :— 

Initial resistance .... 32,000 ohms 

Oxygen (<o*oi mm.) admitted— 

After 30 min. . . . 4,900 „ 

55 » ... 5,160 „ 

120 „ ... 5,300 „ 


I 

I 

!' 
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Fig. 8 .—Change of conductivity of PbS follovdiig admission of oxygen to metal-xich 

material. 


Heating such an oxidised specimen in a “ dynamic vacuum resulted in 
complete restoration of the " reduced ” state. At moderate temperatures 
the instantaneous creation of positive holes, followed by the slower process 
in which positive holes are destroyed, can conveniently be observed. It is 
hoped at some time to make a special study of this phenomena; some data 
obtained incidentally in the course of other work are summarised graphically 
in Fig. 7, in which conductivity is plotted (on an arbitrary scale) as a function 
of time elapsing after admission of oxygen. At 113® c. the decay of con¬ 
ductivity was measurable but slow; at 170® the material reverted to its 
original conductivity in about 120 min.; at 317° after an initial ‘‘ flash 
of conductivity, the original condition was restored within 5 min. The 
whole effect is found only when the oxygen pressure is not too high; i.e., 
the surface must not be saturated with adsorbed gas. 

The effect is not to be ascribed to mere desorption of oxygen, as the 
decline of conductivity is not reversed on cooling. The oxidation of metal 
sulphides in air with formation of sulphur oxides proceeds fredy at tempera¬ 
tures above 300®, so that it can lo^cally be inferred that oxidation proceeds 
under the conditions of our experiments. The reversion of the SnS to its 
original conductivity implied that although the metalfnofi-mekd ratio was 
not permanently changed (no permanent creation of positive holes), the 
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observed reaction represented the partial substitution of 0 ®- for S“~ as the 
prior condition for separation of o\ide, etc., as ultimate oxidation pioducts. 

We may, furthermore, observe that the data plotted in Fig. 6 accoid with 
the relation: K = C .po\ ’—^i-e-, approidmately 2 positive holes are created 
per molecule of oxygen chemisorbed. If tlm interpretation be correct, 
oxygen is built on to the crystal lattice either as 2 0“ ions per molecule of 
Oj added (Fig. qa) or as molecular Ol* ions. The chemisorption process is 

O, 

Sn«+ s»- Sn«+ S*- Sn>~ S^- S^- Sn*" 

S*- Sii*+ S»- Sn>+ S*- —► S»- Sn«+ S»- Sn«-^ S‘- 

Sa*-^ S*- Sa‘+ S‘- Sn*+ Sn«+ S»- Sn»+- S«- Sa»+ 


or 


o,*- 

Sn»+ S»- Sn«+ S'- Sn»+ 
S»- Sn>T S>- Sn*+ S«- ^ 

Sn*+ S»- Sn«+ S»- Sns->- 

o- o- 

Sn*+ S*- Sa»+ S*- Sn»-^ 
S«- Sn* •• S»“ Sn*-^ , 

Sn*-' S»- Sn*-^ S>- Sn>+ 


9B 


Positive holes created 




o»- 

Sn»+ S*- Sn*+ Sna+ 

§2- sn2+ sa- sn®+ S®" Positive holes destroyed 
Sn*+ S* Sn®+ S*" Sii®+ 

9C 

+ sulphur oxides (adsorbed) 

Fig 9 


very rapid at room temperature, so that the former process, \vhioh would 
presumably involve the higher activation energy, appears the less likely, 
(Fig. 9B). This, then, provides a mechanism for the first stage in the roast 
reaction. Stage 2, which does involve an activation energy and so proceeds 
with measurable speed at moderately high temperatures, would then be 
that represented as 9c, in which the positive hole is destroyed, and some 
oxide of sulphur formed. 

Without the performance of work specially directed to this end, the 
hypothesis developed above must remain purely tentative. It does, however, 
provide a model for oxidation processes which parallels that devdoped for 
reduction reactions. 

It may be noted that where (e.g„ in roasting PbS) sulphates or basic 
sulphates are the ultimate product of roasting, these can probably be r^^ded 
as secondary products, arising from reactions of sulphur oxides in the 
adsorption layer. 


Atomic Energy Research Esiailishment, 
HarweU. 


University of Melbourne, 
Australia. 



A NEW METHOD FOR STUDYING THE MECHANISM OF 
ROASTING REACTIONS 


By E. a. Peretti * 
Received 20ih May, 1948 


In the extraction of several of the important non-ferrous metals from 
their ores, roasting is practised as an intermediate operation, e.g,, in the 
production of copper, lead, zinc and mercury. If we let M represent a 
divalent metal, the most probable reactions taking place can be generalised 


as follows: 

MS,(s)^MS(s) + iS,te) . ... (I) 

^z{g) + Odjs) = SOjfe) .... (2) 

MS(s) + liOate) = MO(s) + SO*te) ... (3) 

SO,te) + iOs( 5 )^SO,(g). ... (4) 

M0(s) + S03te)^MS04(s) ... (5) 

MSO4(5) MO. 3 »S 03 (s)+(1-3^)303(5) . . (6) 

M0.3'S03(s)^M0(s)+jS03(5) ... (7) 


At the temperatures commonly used for roasting, reactions (2) and (3) 
for the metals mentioned possess such large free-energy changes that the 
SO2/O3 equilibrium ratios need not be considered. For example, by using 
FeS in reaction (3) a thermodynamic calculation results in the following 
(nomenclature of Lewis and Randall ^): 

AF® = —113,000 + 9-57 log r —I'pbs X io-® 7 ^ —6-yT . (8) 

and at 1100° k. the equilibrium constant, K, is i-i2 x 10^®. Kelley’s ® 
standard free-energy equation for reaction (2) 3delds a K of 276 x 10“ at 
1100“ K. This means, then, that at these temperatures for eqn. (2) and (3) 
the oxide and sulphur dioxide will be the stable phases in the presence of 
even small amounts of oxygen. On the other hand, the thermodynamics 
of (4), (5), (6) and (7) are such that the temperature and the partial pressure 
of sulphur trioxide determine which of the solid phases are stable. The 
respective equilibrium constants are 


/so, 

‘ /so, X V/o, 

. . . ( 9 ) 

K- 

® ~/so. ■ ■ 

. (10) 


. (II) 


• (12) 


* Lewis and Randall, Thermodynamics (McGraw-Hill Book Company, 1923). 

* Kelley, CT.S. Bur. Mines, Ball. 406, 1937, 13. 

• Associate Frofessmr of Metalluixy, University of Kotre Dame, Notre Dame, Indiana, 
U.S.A. 
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Applying the phase rule * we find that a system in which SOj, Og, SO3, 
MO, MSO4 and MO . ySOg are in equilibrium is nonvariant, and this will 
at the point where 

/so, = ./so.. -v/^ = ^ = jFlj* . . (13) 

For the coexistence of gas and {a) MSO4 and MO, (fi) MSO4 and MO . ySOj, 
(c) MO and MO . ySOg, the systems are univariant. 

There are two degrees of freedom for the stability of gas and any single 
soUd phase. The solid will be : 

(а) MSO4, if/so.>^ and 

(б) MO, if/so,<^^ and <K,i 

and (c) MO .ySO^, and >K^. 

If the roasting operation is carried out under non-equilibrium or changing 
conditions, which is probably the actual case most of the time, the solid 
phases present in an industrial calcine may be determined largely by the rate 
of the various reactions and the mechanisms by which they proceed. Of the 
seven general reactions listed, all but two are of the heterogeneous solid-gas 
type for which the mechanism is difficult to determine by the methods 
usually used for homogeneous reactions because diffusion of gases to and 
from the reaction interface is very often the rate-controlling factor. 

Roasting experiments are usually performed by heating an extremely large 
number of small particles in a stream of gas. As a result it is almost 
impossible to analyse an individual piece to determine the sequence of phase 
formation. The employment of a single lump of mineral is discouraging 
because of the difficulty of cutting many specimens to a given size and shape 
and because of the tendency to cracking. It is believed that the technique 
to be described overcomes these objections. 

Experimental 

As an example, let us consider the roasting of CuS. Relatively pure specimens 
of the mineral can be obtained or an artificially prepared compound can be 
used; we chose the latter, Fisher's c p. cupric sulphide, which was all minus 
100 mesh. Forty-seven grams of the sulphide were placed in a steel mould and 
made into a cyhndrical briquette under a pressure of 3500 lb, in."**. The com¬ 
presses measured 2*86 cm diam. by 2-86 cm. long and had sufficient strength to 
be handled without breaking. From three to five of the briquettes were placed 
in an electrically-heated muffle furnace whose temperature was automatically 
controlled to within ib 5® c. of the desired value. The specimens were successively 
removed from the furnace at varying time-inten^als and allowed to cool under a 
graphite crucible. 

The course of the reaction was followed by cutting the reacted cylinders in 
half, transverseb’^, and measuring the diameters of the visible phase boundaries. 
In less than a minute after the cylinders were placed m the furnace, sulphur gas 
was liberated, which burned at the surface with its characteristic fiame. As long 
as these fiames ware visible only two solid phases, CuS and CutS, existed in the 
briquette in the relative positions as shown by Fig. i. The interface between the 
two solids is, as Langmuir * has shown, the scene of the primary reaction, and it 
moves inward at a rate that is practically constant. Furnas,* Conley* and 

* Rivett, The Phase Rule (Oxford, at the Clarendon Press, 1923)» P- 2 Z. 

* Langmuir, J. Amer. Chem. Sac,, 1916, 38, 2263, 

* Furnas, Ind, Eng, Chem., 1931. *3. 534 « 

•Conley, Trans. Amer, Inst, Min. Met. Eng., 1942, 148, 330. 
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Joseph ’ have found this to be the case in the calcination of calcium carbonate, 
which is also a case of simple decomposition. 

Because the time for complete decomposition of CuS to CugS was very short, 
less than 15 min at temperatures above 550° c., and because it was too difficult 
to stop the reaction after a specimen had been removed from the furnace, exten- 



Fig. I.—Partially roasted 
briquette of CuS. 


Cj 0 



Fig. 2.—^First stage in the 
roasting of CugS. 





Fig. 3.—Second stage in 
the roasting of CujS. 


sive rate measurements were not made on the primary reaction. The subsequent 
reactions were investigated by heating the CuS compresses in air at 550® c.until 
they were completely converted to Cu^S, after which the pieces were transferred 
to a second furnace set at the desired temperature. The briquettes were with¬ 
drawn at var5dng intervals of time and boundary measurements made. The 
sliced cylinders looked like Fig. 2 and 3. Identification of the phases vras accom¬ 
plished by taking X-ray photograms of powdered samples from each zone, 
using characteristic cobalt Ka radiation in a Debye camera. The patterns of the 
unknowns were then compared •^^ith standards made of c.p. CuSO*, Cu, CugS, 
CuS, CujO and CuO. 

Results and Discussion 

It could be concluded that under the conditions of the experiments at 
all temperatures from 430® to 965® c. the mechanism of the tet stages in 
the roasting of cupric sulphide is represented by the following. 

At the solid-solid interface, 

2CuS(s) ^ CugS (fi) + iSiig) . . . (14) 

by difiusion 

Safe) at solid-soM interface,-Sgfe) at solid-gas interface . (15) 

and at the solid-gas interface, 

iS,te) + 0 .te)=SO,(f) ... (2) 

It is obvious that at the lower temperatures, where the rate of evolution 
and pressure of sulphur gas are low, reaction (2) may take place partly or 
wholly within the outer layer, and reaction (4) may also proceed. 


TABLE I 


The Rate of Advance of the Oxide Layer in the Roasting of Cu#S 


TampsrcUure * 

430 • 

478 . 
5^5 • 
5“2 - 
663 • 
708 . 
787 . 

873 • 
965 • 


C. 


Rate, in 

0*0375 
. 0*0385 

. 0*0420 

. 0*0480 

0*0625 
. o*o6qo 

. o<o8o 

• 0*0975 

. 0*1065 


’ Joseph, Met, Tech,, T, P. 1522, Dec., 1942. 









E. A. PERETTI 


177 


For simplicity, we have considered in eqn. (14) that the sulphur gas is 
Sg. However, as sho^ra by Kelley ® in a critical survey, the gas resisting 
from (14) contains considerable quantities of Sg and Sg. An extrapolation of 
semi-log plot of the work of Allen and Lombard,^ giving the total sulphur 
pressure as a function of temperature, gives 495® c. as the temperature 
for which one atmosphere is the equilibrium sulphur pressure. As has 
been stated, the rate of sulphur evolution is relative^ great, and, there¬ 
fore, it seems unlikely that reactions (2) and (4) took place within the 
pores of the solid outer layer at temperatures greater than 495° c. Below 
this point the probability that these two reactions do occur in the afore¬ 
mentioned fashion increases inversely as some function of the temperature. 



The data for the second roasting stage, the oxidation of the CUgS, are 
summarised in Table I and Fig. 4 5 - rate of advance of^ the oxide 

layer was constant. In order not to confuse the drawing and to give a good 
idea of the conformity to lineality of the rate of advance of the phase 
boundary, experimental points have been inserted in Fig. 4 oidy two of 
the temperatures—^the best-fitting and the poorest. 

Visual and X-ray examinations for all temperatures stucfied showed the 
solid phase in contact with the CujS to be CU2O, as sketched in Fig. 2 and 3. 
The thtrlmpAQ of the cuprous oxide layer remained constant at a given 
temperature but varied with the temperature. At the lower temperatures 
it was about J mm, thick, and i mm. at the higher temperatures. Fig. 6 
shows prints made from the Debye patterns of this pha^ and that of c. p. 
cuprous oxide. This means, then, that the cuprous oxide is the first product 
resulting from the roasting of Cu^^, This does not agree with Ashcroft,^® 


•Kelley, /oc, «/., pp. 5^11 

•Allen and Lombard, Awer, /. Sci., 1917* 43 * 575 - 
given in Econ, Geoh, 1937* ® 53 * 

5 * Ashcroft, Trans. EUctrochsm. Soc., 1933 . ® 3 . 23 - 


Corrections to this article are 
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who in a paper describing the roasting of copper ores states; ** The l^eo^ 
formulated and afterward found to be correct is as follows: Reaction in 
roasting proceeds primarily and definitely to the formation of sulphates 
and not of oxides, the latter being a secondary formation, and SO2 is likewise 
a secondar}'’ product, that is to say, a product of decomposition of the 
previously formed sulphates/* 

At temperatures above 663° c., CuO was the next and only solid phase to 
appear. Below 663® c., increasing amounts of sulphate were found intimately 
mixed with the cupric oxide. When the outer layer was wholly CuO, it was 
black, porous and easy to cut with a knife. The specimens containing 
sulphate became harder and less porous as the sulphate content increa^d 
until at 478® and 430® c. the pieces became so hard and dense as the time 
at temperature was made greater that the reaction practically ceased, as 
can be seen in Fig. 4. 
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Fig. 5 —Log of the rate of advance of the oxidised layer as a function of the 
reciprocal absolute temperature. 


From the data plotted in Fig. 5 an apparent activation energy of 4-19 
kcal./moL is obtained for temperatures above 525° c. It is possible that the 
mechanism here is the relatively slow process of the diffusion of the reacting 
gas to the scene of the reaction through a film of counter-diffusing reaction 
products. The temperature coefficient of the diffusion rate of a gas may be 
given approximately by the expression : 

.... (16) 

where D is the diffusion coefficient, T is the absolute temperature, and the 
constant, n, varies from 1*5 for an ideal gas to about 2-0 for actual gases at 
high temperatures. Calculation of relative diffusion rates from eqn. (16) for 
temperatures between 525® and 950® c. yield for the activation ener^ a 
value of about 3*9 kcaL/mol. 

The roasting of CugS as carried out in our experiments can then be repre¬ 
sented as follows. 

For temperatures greater than 663® c,, 
by diffusion 

^ atmosphere- ^ Oa(g) at the GujO-Cu^ interface . {17) 
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At the CugO-CuaS interface, 

CuaS(iS) + liO^ig) = Cnfiis) + SO^fe) . . (18) 

/ V hy difiusion _ _ , _ 

SO^ig) - >• S02{g) in the atmosphere . . (19) 

At the CugO-CuO interface, 

Cu30(s) + ^O^ig) ^ CuO(s) . . . (20) 

for temperatures below 663° c., (17), {18), (19) and (20) take place plus 
sulphatising reactions such as (4) and (5) occurring throughout the CuO 
layer. 

The author is greatly indebted to Sam C. Carapella, Jr., Teaching Fellow 
in Metallurgy, University of Notre Dame, for helpful d&cussions and for aid 
in preparing the illustrations. 

Summary 


A new method for studying roasting reactions has been described. It has been shown 
by usmg the new procedure that the roasting of copper sulphides does not proceed 
primarily to the formation of sulphates, as has been previously reported, but rather to 
CujS and CU2O m the case of CuS and CU2S respectively. 

The mechanism of CuS roasting can be represented by the following sequence of 
reactions; 


2CuS(s) ^Cu2S(P) + iS^ig) 

Safel-r 402(g) = S 02 (g) 

CU2S(P) -r liOaCg) = Cu20(s) — SO^U) 
CuaOls) + = CuO(s) 


University of Notre Dame, 
Notre Dame, 

Indiana, C 7 .S.- 4 . 


AN ANALYSIS OF THE CONVERTING OF COPPER MATTE 
By E. a. Peretti * 

Received 20th May, 1948 

In comparison with the length of time that man has known how to smelt 
copper ores, the converting of copper matte as it is practised at present 
is a relativdy new process, having been in use for less than 70 years. The 
first successful application of the Bessemer converter in the copper industry 
is generally credited to Pierre Manhfe whose invention in 1880 at Eguilles, 
France, consisted mainly in placing the tuy^es at the sides of the vessel 
instead of at the bottom.^ ® Since Manhfe’ time great improvements have 
been made in design and operation—^the engineering aspects of the process— 
but, unfortunately, the same can not be said of our knowledge of the 
chemistry involved, if one is to judge by the technical journals and text-books. 
TMs is particularly apparent to those of us eng^ed in teaching this unit 
process to the metallurgists of the future. It is the object of this paper 
to analyse certain phases of converting from the viewpoint of the instructor. 

^ Peters, Principles of Copper Smelting, (McGraw-HiU Book Company, Inc., 1907J, 
P* 452. 

* Kelly and Laist, Trans, Amer. InsL Mtn. Met. Eng,, 1933, 106, 122. 

* Associate Professor of Metallurgy, University of Notre Dame, Notre Dame, 
Indiana, U.S.A. 



i8o AN ANALYSIS OF THE CONVERTING OF COPPER MATTE 


The Slag-forming Stage 

While the shape and size of the converter vessel may aftect the reactions 
taking place in it, this discussion will be confined to the Peirce-Smith or 
horizontal converter as it seems to be preferred to the vertical types, not 

only m newly constructed smelters,® but 
also in the older ones that have been 
using the upright type ever since its 
invention.* To simplify the discussion, 
the liquid matte will be considered as 
consisting solely of copper, iron and 
sulphur, and the flux be regarded 
as silica. 

At the start of the blowing, the 
physical conditions in the converter are 
-^Air ^ sketched schematically in Fig. i—a 
layer of liquid, through which air is 
being blown, and upon which is floating 
the solid flux; the temperature is behveen 
iioo® and 1300° c. The main reaction 
Fig. I.—The copper converter at occurring is usually represented as 
the start of the slag-fonning follows * 
stage 

FeS(i) + = FeO(/) + SOjfe) . (i) 

The iron oxide eventually reacts with the silica flux to form a liquid slag 
layer above the matte. 

A thennod3mamic calculation for eqn. (i) yields the following for the 
heat content and free-^nergy changes as a function of temperature, using 
the nomenclature of Lewis and Randall: ® 

A H == —108,000 — 6705r + 2-585 X lo-^r® . (2) 

A = —108,000 + 15*457' logT — 2-585 X io-®r* — 27-5r . (3) 

from which we obtain at 1500® k., A F® = -40-75 and A H = —112-25 
kcal., and an equilibrium constant, K, of 8-5 x 10®. 

Since K = ... (4) 

it is evident that the SO2/O2 ratio could be very large before equihbrium 
would be^ attained. When blowing with air, the maximum SO2 content 
of the exit gas according to eqn. (i) would not exceed 15 % by volume; 
hence, the oxygen utilisation theoretically could be almost 100 %. This 
figure is approached in actual practice. 

The questions then arise : Does eqn. (i) represent the mechanism of the 
reaction or is it described by the following (to mention only one of several 
possibiKties) ? 

FeS(Q + i02(g) = FeO(Z) + iS2(g) ... ( 5 ) 

iS2(^) +02(g) = S02(g) ... (6) 

Tte standard free-energy changes for (5) and (6), computed at 1500® k. 
from data by Kelley,® axe —24-1 and —60-7 kcal. respectively. 



• Buch, Xecht Afner. Insi, Min, Met Eng., T.P. 2248. X)ec., XQ47. 

Eng, Mtn. J., 1943,144. loi. 

Thermodynamics (McGraw-HiU Book Company, Inc., 1923K 
Kelley, U,S, Bur* Mines Btdl,, No, 406,1937, PP* 126. 
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Furthermore, is the reaction mechanism one of oxygen dissolution in the 
matte followed by a homogeneous reaction in the liquid phase or is it 
completely heterogeneous with the gas-liquid interface as the only place 
where oxidation of the matte occurs ? Integral parts of these questions 
are similar ones regarding the oxide resulting from the reaction. Published 
accounts of the converting process infer that the oxide is formed as a separate 
phase which rises to the matte surface to combine ^\ith the silica. A glance 
at some of the very few matte density values available in the literature,’ 
4‘8, 5-18, 5*42 and 5*5 g. cm.“® for 13*62, 43*0, 60*2 and 8o*o % copper 



Fig. 2 —portion of the copper^ulphur phase diagram. 


contents, respectively, as compared to 5*7 g, cm.~® for FeO makes one wonder 
about the matter. (It is appreciated that these figures are for the solids 
at room temperature and more pertinent would be 3 ie values at converting 
temperatures.) It is possible that the iron oxide already present m the matte 
as it comes from the reverberatory furnace reacts with the silica at the 
solid-liquid interface, and that the oxide formed by the blowing counteract 
this diminution of the oxide content of the sulphide liquid by dissolvi^ in 
it, if a heterogeneous oxidation reaction prevails, or by being formed in it, 
if the reaction is homogeneous. 


’ Peters, loc. cit., p. 413- 
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Turning our attention now to the copper in the matte during the slag- 
forming stage, we find that very httle leaves the sulphide phase in the 
presence of iron. The equations most often given to represent this are ; 

Cu^S{l) + iiO,(g) = CnM) + SOate) . . (7) 

Cn^O{l) + FeS(/) ^ Cu^S{l) 4- FeO(Z) . . (8) 

The questions that were raised regarding eqn. (i) would also apply to (7). 
Here, too, the calculated equilibrium constant at 1300° k. is of sufficient 

magnitude, 3*6 x 10®, that a very large 
SOJO2 ratio vrould be necessary for 
equilibrium. Kelley ® has computed the 
standard free-energj’ change for (8) to be 
approximately equal to —21-870 —2-407, 
from which he deduced, with certain 
simplifying assumptions, that if equi¬ 
librium is established, only a small con¬ 
centration of CugO is built up in the slag 
until the FeS concentration becomes 
small. The copper content of slags pro¬ 
duced in converter plants rarely exceeds 
5%. and it is estimated that only about 
10 % of this is oxide.® From these 
facts one must conclude that either (a) 
the copper is oxidised at an appreciable 
rate and is then returned to the matte 
by reaction with the iron or {b) the rate 
of copper oxidation in the presence of 
iron is very small. Either alternative could give the same end-result, but 
the mechanisms would necessarily be different. 

The Blister-forming Stage 

If, for simplicity, we consider the "white metal" to consist of only 
copper and s^phur and neglect the solubility of oxygen in this phase as 
blowing proceeds, it will enable us to use a portion of the copper-sulphur 
phase diagram,^^ Fig, 2, to depict the course of events in the converter 
during this stage of the process. At a temperature of 1250® c., for example, 
as blowing continues, the concentration of sulphur in the liquid is changing 
along the line a d, and only one liquid phase will be present in the vessel 
under equilibrium conditions until b is reached. At this point a second 
phase, a copper-rich liquid of composition c, appears and being heavier 
than the liquid 6, it sinks to the bottom of the converter. These two liquids 
will remain in the converter (Fig. 3) until point c is attained. Furthermore, 
the composition of each phase remains the same, although the quantity of 
stdphur-rich phase is diminishing until it is zero at c, and the mass of the 
copper-rich phase is increasing until it is a maximum at c. Blowing beyond 
this point would be done again with only one liquid in the container until 
i, the theoretical end-point, is reached. 

By apply^ the lever principle for phase diagrams, letting / equal the 
total tune in minutes required for the theoretical blister-blowing stage, 

* Kelley, loc, cit„ p. 136. 

• Newton and Metallurgy of Copper, (John Wiley and Sons, Inc., 1942), P- 175 * 

Wartman and Boyer, ( 7 .S. Bur, Mines, R^orts of Investigations 29S5, 1930. 

^ Hansen, Der Aufbau der Zweisiofflegierungen, (J. Springer, Berlin, 1936), p. 611. 
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and making the assumption that the rates of blowing and sulphur elimination 
remain constant throughout, we arrive at the following condusions. 

(1) The elapse of time between the starting of the blow and the appearance 
of the second liquid phase is 0*1373 ^ ^^lin. 

(2) Two liquid phases are present in the converter for 0*7451 t min. 

(3) Blowing is being carried out on material containing more than 2 % 
copper for 0*8^824 t min. 

(4) Copper-rich liquid would be blown for 0*11761 min. 

The stoichiometry of the blister stage is given by: 

Cu,S(Z)4-02(g)=2Cu(/) + S0,(g) ... (9) 

It is not known at present whether or not this equation represents the 
mechanism. Some authors seem to infer that the copper reduction takes 
place in two steps : 

Cu,S(i) + ii0a(g)=Cup« + S02(g) . . (7) 

Cu2S(Z) + 2 Cu 20(Z) = 6 Cu(Z) -|- S02(g) . . (10) 

Proof of this mechanism is lacking also, and other possibilities exist. Ques¬ 
tions similar to those raised in connection with the first blowing stage could 
also be asked here. The answers to these queries, were they available, 
would make a great deal of difference in our thinking regarding the theory 
and, perhaps, even in the practice of converting. 

Bottom^-Blowing 

The attempts made to apply the bottom-blown converter used in the 
steel industry to the treatment of copper mattes ended in failure. By 
examining Fig. 2 and 3, it can be seen that for approximately 14 % of the 
total blowing time, bottom-blowing, and side-blowing would be done on 
material of exactly the same composition. However, after point h is 
reached, the bottom-blown converter would have its tuydres in contact 
with the copper-rich liquid, and sulphur would have to be transferred to 
this phase from the superimposed liquid, largely by diffusion. This would 
be accomplished at diminishing rates as the volume of the copper-rich 
phase increases and would probably be followed by the formation of mcreasing 
amounts of CugO: 

2Cu(Z) 402(g) = Cu20{/) . - . (ii) 

By combining some of Kelley's calculations there is obtained: 

For eqn. {9) 

AJ? = —33,103 — 5*877 + 0*576 X + 0*165 X (12) 

and at 1500° K., AH is —60*62 kcal.; 

For eqn. (ii) 

AH = —36,590 -1- 4*867 — o*o6 x lo-®!^ —0*938 x io® 7 -^ (13) 

and at 1500° k., AH is —29*3 kcal. 

If the rates of oxygen consumption in reactions (9) and (11) were equal, 
the rates of heat generation wotdd be approximately the same also (—60*62 
compared to 2 x —29-3, or —59 kcal). Apparently, this is not the case, 
and because of the slow replenishment of the sulphur in the lower layer the 
rate of heat liberation is too small to keep the contents of the converter 
liquid; as a result the tu3^res become plugged with solids, and the process 
stops. 


is Kelley, for, ciU, p. 129. 
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Summary 

A critical survey of converting reactions has been presented from the vie-wpoint 
of the teacher of extractive me-teilurgy. Stress is placed on the fact that actually 
ver>" little of the physical chemistry of the operation appears to be known. Drawings 
that help to understand some of the physical conditions in the converter during the two 
blowing periods are included. 

An attempt is made to clarify, particularly for the student, the reasons for the 
failure of bottom-blowing. 


Department of Metallurgy, 
University of Notre Dame, 
Notre Dame, Indiana, 
USA. 


THE REDUCTION OF OXIDES OF IRON AS A DIFFUSION- 
CONTROLLED REACTION 

By S. E. Woods 

Received vjth June, 1948 


1. Introduction 

Gaseous reduction of the oxides of iron is carried out on a scale far 
exceeding that of any other metallurgical process. Not unnaturally there¬ 
fore these reductions have received considerable attention experimentally, 
in the first place from the point of view of the equilibria involved and more 
recently in connection with the rate of reaction under different conditions. 
A number of investigators have expressed the view that the rate of reduction, 
under certain conditions at least, is limited by the rate of access of the reducing 
gas to the surface of unreduced iron oxide. However, the consequences of 
this limitation of reaction rate by a diffusion process have been at best 
imperfectly realised and in some cases incorrectly stated. 

Certain types of evidence pointing to diffusion control (e.g., small tempera¬ 
ture coefficient, relation between rates with hydrogen and with carbon 
monoxide) do not require for their interpretation any precise understanding 
of the mass transfer system involved. In general, however, this is not the 
case. In dealing with such matters as the mfluence of particle sise or of 
gas velocity, or with the variation of the reaction velocity with completeness 
of reduction of a given specimen, one finds, at least if diffusion control is 
assumed, that the behaviour is a function not only of the system iron oxide 
—reducing gas, but also of the details of the experimental system used. 

It seems worth while therefore to examine the different types of experi¬ 
mental method which have been used in investigating the gaseous reduction 
of iron ores, starting in each case with the assumption of a reaction rate 
controlled by gas diffusion to and from the reacting surface, in order to deter¬ 
mine what sort of behaviour can be expected in each case. This examination 
diould not only provide a critique of these experimental methods, but by 
comparison with observation should also show how much of the exj^ri- 
ment^ behaviour can be understood in terms of a reduction rate liimted 
by diffusion, and on the other hand what are the anomalies remaining for 
explanation on which experimental attention should be concentrated. 

The foUowing aims to provide in brief outline such a critical examination. 
No attempt is made to deal with all the numerous published investigations 
of gaseous reduction of iron ores; attention is confined to a small number 



S. E. WOODS 185 

of papers which seem most instructive from the point of view of the 
Discussion. 

The reduction of hsematitic ore is first considered, dealing in turn with 
reduction of a bed of the material by a gas flowing through it, with reduction 
of individual shaped cubes of the ore, and with reduction of the sample 
contained in a boat. The special features of the reduction of magnetite 
are then discussed. 

2. Reduction of a Bed of Ore 

The main features of the flow system in this case are represented m the reaction 
model shown in Fig. i. The ore is considered to form the walls of a tube through 
which the gas flows. Diflusion from the exterior surface of the particles into 
the flovdng gas-stream will have a characteristic average rate dependent upon 
gas velocity ; this is symbolised formally m terms of a core of completely mixed 



I._^Reaction model for flow through bed of broken solid. 


gas moving at uniform velocity, with a hypothetical still layer of tbckness 
related to gas velocity. The equivalent thickness of the layer of oxide on ^ 
wall of the tube is related to the size of ^e particles composmg Ihe bed ; 
more uniform is the size of the gas channels through ihe b^d, the clo^r 'will the 
thickness of the oxide layer correspond to reduction of a smgle parhcte. 

To simplify matters, consider a single stage of reductaon, say, FeO ->-Fe. 
When this stage is still incomplete there will be a layer of porous iron and a 
more-or-less sharp interface separating this from unreduced oxide. At tte 
interface (the sharpness of which depends upon the deta^d kmetes rf the 
reduction, but is not critical for the difiusion calculation) the gas composition 
is by hypothesis that corresponding to the equilibrium: 

FeO + CO ^ Fe + CO*, 

while in the weU-mLxed core the gas composition is detcrmiMd by the “ reaction 
history » of the gas in tiie preceding section of &e tube. Between these Inmts 
of composition, diffusion takes place through the successive ers o g , 
of thicfaiess d. (b) of porous reduction product Diff’rsion through 
of porous solid may take place either tinough the gas-filled pores, or throug 
the crystal lattice itself; the latter will be very much the slower process and. 
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with the porous reduction products one is dealing with, it appears that it is 
diftusion flirough the gas-filled pores which is important. 

The mathematical estimate of the course of the reduction, as a function of 
elapsed time and of distance along the tube, is greatly simplified if either of 
the film resistances, that of the gas film or that of the layer of porous solid, 
can be neglected in comparison with the other. It appears that under t^^pical 
laboratory conditions the reduction of a porous hmmatite ore corresponds to 
the case in which the resistance to difiusion of the layer of porous reaction 
product is negligible. This statement is based upon the obser\ations of Marek, 
Bogrow and King.^ These authors show that the results of a large number of 
experiments, in w-hich a bed of ore of constant geometry was reduced by a 
stream of synthetic blast-furnace gas of constant composition, with velocities 
varied over a tenfold range and with absolute pressures varied over a fivefold 
range, could be brought into concordance in the follo\ring way. 



Fig. 2.-—Movement of zones in reduction of FejOa. Vo = Gas volume containing CO 
stoichiometrically equivalent to oxide in depth Lo of bed. 


When a given w-eight of gas had been passed through the bed the total amount 
of reduction was constant and the instantaneous composition of the gas leaving 
the bed was constant, independent of both the velocity and the pressure at 
which the gas was passed. This behaviour is readily interpreted, in the present 
writer’s view, on the assumption (a) that resistance to diffusion is offered 
predommantly by the gas film, and {b) that the thickness of this film is inversely 
proportional to the first power of the mass velocity. The second assumption 
is reasonably in line "uath the behaviour in heat-transfer and mass-transfer 
systems, from which one might have expected d to be proportional to (mass 
velocity)-®'*®; and the special characteristics of a system of gas channels of 
very diverse sizes give one good grounds for assuming an exponent even closer 
"to — I. If» however, one assigns any appreciable film resistance to the layer 
of porous reaction product it becomes impossible to account for Maxek’s 
generalisation. 

The course of the reduction over the successive stages, Fe^Oa — FejO*. 
FcaOa — FeO, FeO — Fe, can be calculated on this simplified reaction model, 
as follows. 


The COt concentration C in the gas increases with distance along the tube 
according to the equation ; 




where V = volume of gas/unit time, D = diffusion coefficient of CO, in gas, 
S = surface area of tube wall per unit length of tube, and = equilibrium 
CO* concentration for appropriate reduction stage. 


1 Maidt, Bc^ow and King, Met. Tech., T.P. 2184, June 1947. 
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This gives 



Lo 


where Lo == VdjDS is a characteristic length which we have assumed to be 
independent of velocity (since d oc 1 "“^). 

Suppose that reducing gas were passed through an infinite bed of material 
initially present as FcgOj; this bed is characterised by a length parameter L©. 
A simple analysis shows that until a quantity of gas has been passed which, 
equilibrated with Fe203 and Fe804, would reduce the FegOs contained in a 



Fig. 3. 

length Lo of this bed to Fes04, then there will be at all points a mixture of 
FejO, and Fe804. At this stage the element of the bed over which the gas 
first passes becomes denuded of Fe aO 3 ; the Fe aO s-interface then travels forward 
at the calculated stoichiometric rate. In the region denuded of FctOa the 
similar process of reduction of Fe804 to FeO then takes place with, of course, 
the new appropriate value of C,. An illustration of the manner in which the 
successive interfaces move in the direction of gas fiow is given in Fig 2; the 
calculations were made for the rich mixture conditions ^ Marek ei al. The 
ordinate is distance along the bed measured in units of Lo, the abscissa quantity 
of gas passed in units of Vo, the volume of gas containing CO stoichiometrically 
equivalent to complete reduction of the FcsOa in a depth of bed Lo. 

With a bed of finite depth, the calculation of the instantaneous CO^ content 
of the gas leaving the bed after passage of a given volume of gas follows fadrly 
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obviously. Curves calculated in this way for the conditions of Fig. 2 are given 
in Fig. 3, where the abscissa is now measured in stoichiometric equivalents of 
the whole bed. Marek*s experimental curve is also shown, displaced, as these 
authors suggest is necessary, by o*i unit along the abscissa. Actual bed 
conditions correspond to flow in parallel through a number of channels, some 
of which will reach a given stage of reduction more quickly, in elapsed time if 
not in volume passed, than otiiers. The experimental cun^e is in reasonable 
agreement vdth this conception. 

It wiU be clear that under these conditions this experimental method is 
uninformative as to processes within the individual ore particles, and rather 
insensitive even to changes in the packing characteristics of the bed. One 
might improve this latter sensitivity by using a thinner bed, but there would 
then probably be difficulties in obtaining a reproducible packing. If for any 
reason the ore is less “reducible,” the method becomes more revealing as to 
processes within the individual particle, until with dense magnetite ores, as will 
be seen later, the resistance of the gas-film becomes of negligible importance 
and the rate of reduction of the bed reflects closely the behaviour of individual 
particles bathed in the reducing gas. However, over a wide range of reducibilitj^, 
which is of interest in practice, experimental reductions of l^ds of ore are a 
very insensitive index of processes within the individual particle. 

To provide a correct picture of the behaviour in the stock column of a blast 
furnace, it would be necessary in experimental reductions of beds of ore to 
employ much higher rates of flow than have been customary. The size of ore 
particle used in this t3rpe of experiment will be not greater lhan one tenth that 
used in industrial practice. To obtain a similar relative importance of gas-film 
and porous solid resistances it would then be necessary to work wdth a linear 
gas velocity at least ten times that of industrial practice. This would mean an 
experimental gas velocity of about 10 cubic feet N.T.p./sq. in. (With such a 
tenth-scale system, the time required to reach any given stage of reduction 
would be i/io* of that required on full scale.) Even -with conditions correctly 
chosen for dynamical similarity, errors might arise however for the foUowdng 
reason; in tiie bed of ore there are two essentially unrelated pore systems, 
one of interparticle voids with characteristic dimension proportional to the 
particle size, and one arising from the porosity of the particles themselves and 
of the reduction products. The scale of this second pore system remains unaltered 
in laboratory experiment, sp that under laboratory conditions flow of gases 
through the particles themselves is exaggerated in comparison wdth its incidence 
in large-scale practice. 


3. Reduction of Cubes of Ore 


A method which has been used by a number of investigators consists in 
reducing cubes cut from the ore, in a stream of hydrogen, in a conventional 
tube furnace. The foUo^ving treatment provides a starting point for discussion 
of this method. For obvious reasons of simplicity we consider reduction of a 
sphere of radius The flow of gas around the sphere establishes a certain 
overall transfer coefficient from the surface of the sphere to the body of the 
gas; this coefficient is not uniform over aU elements of the surface but as an 
approximation will be regarded as being so, so that we use a parameter / for 
the thickness of a hypothetical still layer of gas surrounding the particle. 

If the diffusion coefficient of water vapour in the ambient gas is D, that of 
water vapour through the porous layer of reduction products is wuitten PP, 
where P, of course, is less th^ unity. For a single stage of reduction we then 
obtain the time to reach a fractional reduction (i — a*), (a^o = radius of sphere 
of unreduced oxide) 




_ 31 ., 

4wD{C,- 




[= 


■ " 1 ": 


. +/ 



where iW = total amount of H^O formed by complete reduction of sphere, 
C, == equilibrium concentration of H^O, and 
Cp = ambient concentration of H, 0 . 
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The quantities typical ol the ore, which enter into this expression, are M, 
representing essentially the reducible oxygen per unit volume of the ore and 
P which is a measure of the ease of dSftusion through the porous reduction 
products. The other factors determining rate of reduction are properties either 
of the gas or of the expenmental set-up 

Reduction of a sphere composed imtially of either Fe 2O3 or Fe 3O4 will proceed 
by stages ; we can in the first place neglect this aspect of the reduction which 
is not of critical importance if the reaction is m fact difiusion controlled. 

The factor p will be expected to be a function of the porosity of the sponge 
iron formed by reduction. Dittusion through the gas-tiUed pore system should 
depend upon the fractional volume of the pores and upon the geometry of these 
pores but not upon the scale (mean diameter) of the pore system; in ttiis respect 
it is unlike permeabihty which is extremely dependent upon pore diameter. 
Diftusion w^iU, however, be sensitive to the size of pores which are not large 
in comparison with the mean free path of the gas molecules. If the pore system 
consisted of parallel capillaries with axes normal to the surface, tiie factor p 
would equal the fractional porosity. Owing to the complicated nature of the 
pores w*e should expect p to have a smaller value than this and to depend upon 
a higher power of the porosity. 

We can examine from this point of view the results of Joseph ® who studied 
the reduction in hydrogen at 800® c. of 9/16' cubes of a wide range of ores. He 
showed that porosity of the ore was the principal factor determining time to 
90 % reduction but did not distinguish betw^een the two aspects of porosity 
in this connection (a) its effect upon oxygen content per unit volume and (2#) its 
bearing upon diffusion through the layer of reduction products. 

A tabulation of the quantity 

tl (time to 90 % reduction) (cube edge) 

M ~ [total ’weight of water formed] 

for the \cry large number of determinations made by Joseph, shows that^ 

is much more constant than the time itself but that there remains a variation 

tl 

with porosity and with ore composition, the higher values of ^ being associated 

with low porosity and with low iron content. We shall not deal further with 

the question of ore composition. As regards porosity. Fig. 4 gives a plot of ^ 

against apparent density for a selected group of data from Joseph’s paper (ores 
other than limonites for which total H^O formed exceeds 0-3 ore weight). 
Apparent density is used as independent \’ariable rather than the calculated 
porosity because of better correlaiSon ; presumably the measured variations in 
** true density within this group of samples were illusory. Although there are 

some large individual deviations the general behaviour is clear; the value of ^ 

is approximately doubled in passing from very pOTous to ver>’ dense ores. 
Inserting the absolute value of D in the equation given above enables one to 

estimate the value of p. In order to eliminate /, the difierence in for dense 

and porous ores is used in the calculation. A diffusion coefficient for H |0 in 
Ha at 800® c. of 8-2 cm.=/sec. leads to the equation 

\ P / apparent density 4*3 ' ? apparent doosity 3-0 

Further considerations suggest that for the most porous ores p is about o-i 
and for the least porous about 0-05. These values are not unreasonable, bearing 
in mind that we are concerned mainly with a layer of sponge iron with a minimum 
porosity of over 50 %. 

Lewis * presents data for cubes of different sizes cut from two ores. It is 

* Joseph, Trans. Amer. Inst. Min. Mfi* Eng., 1936, lao, 72. 

* Lewis, Met. Tech., T.P. 2177, June, 1947. 
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diffi-cult, however, to extract from his experimental data any precise information 
as to the true efiect of cube size since : 


{a) with the larger cubes the H^O concentration in the issuing gas attains 
values exceeding 50 % of the equilibrium value : under these conditions 
it is difficult to assign a value for the mean elective concentration of 
H fiO in the ambient gas ; 

(&) when one looks at all closely into the nature of the gas flow around cubes 
of varj^'ing size resting on the wall of a C3*lindrical tube, it is clear that the 
effective film thickness / will var^’’ in a complicated manner. 


With these provisos, how^ever, the results correspond to reasonable constancy 
of this corresponds to a time of reduction proportional to (cube dimension).*^ 
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Fig. 4.—^Data of Joseph [Trans. Amer. Inst.^let. Eng., 1936, xj*o, 72). Selected data 
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> 0-3 


Similar difficulties arise with regard to the comparison of times of reduction 
to 50 %, So %, 90 %, completion. Owing to rather large presumed values of/, 
and to inadequate supply of reducing gas, the rate of reduction falls ofi much 
less sharply as reduction proceeds than %vould be the case under conditions of 
practical interest. 

One can conclude, therefore, that the method of reduction of cubes of ore 
does provide valid information as to the reduction characteristics of the ore; 
it would be considerabty more informative if the influence of the external flow 
conditioiis w’ere exactly calculable or, better, were negligible in comparison with 
diff usion within the pa^cle. 

An aggregate of crushed ore contained in a boat is a quasi-porous body cut 
to the shape of the boat wdth gas access restricted to one face. Since the 
porosity is only partlj’- that of the ore itself this method will be less instructive 
than that using shaped pieces of ore, and is no more calculable as regards gas 
flow conditions. 
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4. Reduction of Magnetite 

The reduction of dense magnetite presents a number of diiferences from the 
reductions considered above. The work of Udy and Lorig ^ may be quoted to 
illustrate the main points. 

(1) The rate under corresponding conditions is very much slower. One can 
compare Udy and Long’s reductions of beds of ore with the experiments of 
Marek, Bogrow and King already discussed, and the same authors’ reductions 
of single particles with Joseph’s work. In reducing a bed of crushed magnetite 
one arrives, at quite moderate gas velocities, at a condition such that variation 
of gas velocity has no further appreciable influence on rate ; this corresponds 
to processes within the individual particle (whether of difiusion or of inter- 
molecular rearrangement) dictating the overall rate. The time required to 
reduce a particle of magnetite i/io^ diam. is similar to that required for the 
reduction of a 9/16^ cube of a dense haematite. 

(2) At temperatures of about 600° c. and higher, the reaction rate diminishes 
mth exceptional rapidity as reduction proceeds, so that although the initial 
rate increases with temperature the mean rate to, for example, 90 % completion 
falls with increasing temperature in the region 6oo°~7oo° c. The extent to 
which this efiect is observed depends upon the experimental method adopted. 

(3) The results of experiments carried out by Udy and Lorig with beds of 
difterent depths reveal, as the authors conclude, a non-linear dependence of rate 
upon “distance from equilibrium” in gas composition; increasing HjO con¬ 
centration in the later layers of the bed traversed by the gas resulted in a very 
large diminution in reduction rate. The interpretation of this effect offered by 
the authors seems untenable. 

Clearly, if the more rapid reduction processes already discussed are in fact 
limited in rate by gas diffusion, then the surface at which reduction occurs 
must be in contact with gas approximating more or less closely to equilibrium 
composition. Under these conditions, Fes04 must be an intermediate stage in 
reduction of Fe203. The faster rates of reduction with haematite ores can only 
be attributed therefore to a considerably greater accessible surface area per unit 
volume of the magnetite produced as an intermediate in the reduction of FesOa, 
compared with a dense magnetite ore. Presumably the same molecular processes 
take place in the reduction of this intermediate as in reducing the magnetite 
ore, but are concealed from experimental obser\'ation in measurements of rate 
by overriding considerations of diffusion through gas-films or through gas-fiUed 
pores. 

Below 565° c., reduction of Fes04 can proceed only to formation of metallic 
iron. This process, associated with a large diminution of volume, and with no 
intermediate solid solutions, can be expected to ^deld an outer layer of iron 
of small crystal size and well-distributed porosity. 

Above 565° c., FeO may exist as an intermediate stage. This introduces a 
number of possibilities of slow processes hindering reduction. There may be 
an intrinsically slow rate of reduction at an FeO — Fe interface ; alternatively, 
the reduction proceeding via a continuous series of solid solutions might mean 
that a crystal of FeO was surrounded by a reduced layer of varying composition 
through which either ox^'gen or hydrogen and water vapour must diffuse by a 
slow solid diffusion process. 

FeO is, however, not necessarily formed. Since the rate of reduction of mag¬ 
netite is considerably slower than the limitmg diffusion rate the gas m contact 
with the Fes04 surface will approximate in composition to the main stream 
of reducing gas, which may be such that it is in equilibrium with metallic iron. 
The intermediate reduction stage might then be omitted either because of a 
reduction directly to metallic iron or because the FeO formed was capable of 
only transient existence. The extent to which FeO was an intermediate might 
then depend rather sensitively upon the composition of the ambient gas. The 
situation would have some analogies with the behaviour in removal of water 
from hydrates, where an intermediate hydrate exists. The effect of HgO 


* Udy and Lorig, Trans, Amer, Inst, Min. Met, Eng., 1943, 154, 162, 
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conceatration in Hg reduction of magnetite referred to above may possibly 
arise in this way. 

Despite the possible inter\’ention of these slow processes, the intrinsic rates 
involved in the reduction of a hxmatite, proceeding as we believe via all possible 
intermediate stages, are rapid enough for the process to be limited by rates of 
dittusion through gas-films. This can only mean that such questions as the size 
and distribution of gas pores, the area per unit volume of surface accessible 
to gas, the maximum distance from any point in the solid to a surface accessible 
to gas, are of decisive importance in relation to reaction rate ; it is, of course, 
not only ^^^th the original ore but also with its several stages of reduction that 
we are concerned. 

5. Discussion 

The foregoing treatments are oversimplified in many respects, but serve to 
show that anal^’sis in terms of a rate controlled b^’- di&sion through gas either 
adjacent to the surface or filling the pores of the solid, is a correct starting-point, 
except possibly for the reduction of dense magnetite. The more detail^ one’s 
examination of a given case the less satisfactory will this simple treatment be; 
the defects may well be, however, not in the assumption of gas difihision control, 
but in the fact that the pore systems encountered in practice are more complex 
than has been allowed for. 

Suppose that one were to imitate the pore system of a porous solid by fitting 
toge&er an aggregate of non-porous particles. The particles might be systema¬ 
tically packed with a consistent average fractional volume of voids ; this would 
correspond to a uniform pore sj^stem, and clearly in an aggregate made up in 
this way the resistance ofiered to diffusion between any two points separated 
by a large number of particle diameters would be proportional to the distance 
between the points. The effective diffusion coefiBicient w^ould be some function 
of the average porosity. Alternatively, however, the particles might be packed 
in the first place into low-voidage aggregates which were then assembled in 
a relatively loose packing. In this case the resistance offered to diffusion between 
two points would depend not only on the distance between the points but also 
on the distance separating each point from the boundary of its own particular 
tightly packed aggregate. This example show’s that in certain circumstances 
the distribution of pore volume as weU as its total volume can be a determining 
factor in a diffusion-controlled process. 

The unreduced ore might have a pore structure of some complex type such as 
was indicated above; Ihis is even more to be expected how’ever of the partly 
reduced ore, in which crystals of the higher oxide have been transformed into 
aggregates of crystals of reduction products of considerably smaller volume. 
In order to understand the alterations in the pore system as reduction proceeds 
it would be necessary to evaluate the factors w'hich dictate the size of the crystals 
of the reduction products and the location of the pore volume necessarily arising 
when these products axe formed. The process Trould be expected to be different 
for reduction of FcsO* directly to the metallic state from its reduction via an 
FeO stage. In the latter case, if a film of iron of low, but appreciable, porosity 
were formed around the unreduced oxide, this would provide a duplex pore system 
similar to that referred to in the last paragraph and very slow reaction rates 
might still be controlled by gas diffusion in pores; for sufficiently low values of 
the porosity of the film, processes of diffusion in the ciy’-stal lattice would become 
rate-controlling. 

The formation of solid solutions with corresponding ranges of continuously 
variable equilibrium COj/CO ratio, is another complicating factor. It is clear, 
therefore, that very complex beha\dour can arise despite the fact that the rate¬ 
controlling process is the essentially simple one of gaseous diffusion. The 
dijffusion mechanism does not necessarily lead to simple mathematical solutions. 
It is, howrever, particularly helpful in the following rejects— 

{a) It provides answers of at least approximate validity to a number of 
questions which are of practical importance iu smelting operations. 

(6) It directs attention to one particular aspect of the problem of ore reduction, 
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i.e., the nature of the pore systems encountered in practice at all stages of 
reduction and the factors governing the development of pores daring reduction. 

(f) In relation to the design of experiments it enables one to avoid conditions, 
which are all too easy to obtain, under which the observations measure character¬ 
istics of the apparatus rather than of the system in which one is really interested 

Research Departmeat, 

The National Smelting Co. Ltd., 

Avonmouih. 


A KINETIC STUDY OF THE DISSOCIATION OF CARBON 
MONOXIDE ACCOMPANYING THE REDUCTION OF 
METALLIC OXIDES 

By a. Juliard, R. Rayet and A. Lude 

Received in French, x 6 th Jime, 1948 ; 
translated by J. H. E. Jeffes 


This work provides a contribution to the controversial question of the 
catal3rtic action exerted by various solid phases on the Boudouard reaction 
during the reduction of metallic oxides by carbon monoxide. Greater 
precision of measurement of the kinetics of this reaction has been obtained 
than hitherto by simultaneously measuring, as functions of time, the rate 
Vi of reduction of the oxide, 

MeO -I- CO = Me -f COg ... (i) 

and the rate Vg of the dissociation of CO, 

2CO = C -H COg . . . . ( 3 ) 

The experimental technique used comprises the continuous, automatic 
measurement of the weight of a sample of oxide placed in a steady stre^ of 
CO, and also of the rates Do, Dj and Dg of flow of the gases at the point of 
entry into the reaction chamber, at the exit of this chamber and at the exit 
of the COg absorber placed after the reaction chamber respectively. 

The weight of the sample is measured by means of a small oil-damped 
balance with a low centre of gravity enclosed in the gas-stream over the 
reaction chamber. This balance, constructed by Becker and Co., of Brussels 
has a beam 3-5 cm. long, and is capable of measuring differences in weight 
of about 0-5 g. to the nearest o-ooi g. The displacements from the eqm- 
librium position of this balance are recorded on a photographic drum using 
the displacements of a beam of light reflected by a small mirror attached 
to the beam of the balance on its axis of rotation. 

The gas flows are measured by small, electricaUy recording, phosphonc 
acid, bubble-type flowmeters. In these, the formation of a bubble interrupte 
an electrical circuit, and these interruptions are automatically recorded. 
Rates of flow up to 50 ml./min. are thereby measured vdth an accuracy 
of ^ 0‘i ml./min. The weight of the sample of oxide is diminished by the 
loss of oxwen during the course of the reduction, but increased by the 
deposition of carbon produced by the dissociation of the carbon monoxide. 

o 
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The rate of this dissociation is also directly proportional to the difterence of 
the gas flows at the entry and exit of the reaction chamber (v g = 2(Do — D 3)), 
since this is the only reaction accompanied by a volume change of the gas. 
These two sets of measurements thus permit the calculation of the speeds, 

and v^. The difference between the rates of flow at the entry and the exit 
of the CO 2 absorber, which is equal to the rate of formation of CO 2 by 
reactions (i) and {2), affords a check on the calculation of these speeds 
(Pfi D 2 ==^1 + 

The reduction of nickel oxide, NiO, and of ferric oxide, FegOs, h^ been 
studied by this method, using homogeneous samples weighing approximately 
1-8 and 1-4 g. respectively, obtained by sintering the met^c oxides in powder 
form. The results for NiO are more easily interpreted, since the reduction 
of this oxide produces metallic nickel directly and because the nickel thus 
produced is less easily oxidised by CO 2 or c^burised by CO than is iron. 



Fig. I.—^Reduction of XiO by CO at 600® c. with of CO or CO + CO2 = 50 ml ^min 

By pure CO (full line) and by CO/CO3 mixture (71/29) (dotted"line). 

Speed of reduction of oxide . . O 
Speed of dissociation of CO . . ® 

Fig. I shows the variation of the speed of the reduction of NiO and of the 
Boudouard reaction at 600® ± 2° c. when reduction is carried out with pure 
CO (full curv’^e) and with a 71CO/29CO2 mixture (broken curve). The rate 
of the reduction is found to var\’ in the same way as that observed in reactions 
taking place in the absence of the Boudouard reaction, as is the case, for 
example, in the reduction of copper oxide by CO.^ 

The dissociation of carbon monoxide begins at the onset of the reduction, 
increases in speed approximately linearly as this proceeds, accelerates 
towards the end of the reduction and increases approximately linearly once 
more when the reduction is complete. (In the experiment denoted by the 
full curve in Fig. i, the speed of dissociation of CO was stiU accelerating 
linearly after 3 hr.). But the dissociation of CO is entirely stopped at 600® c. 
by the addition of approximately 30 % of CO 2, whereas, at this temperature, 
and with a total pressure of i atm., the CO—CO 2 mixture corresponding to 
the equflibrium position of reaction (2) contains about 75 % of COg. 

More remarkable is the fact that the nickel thus reduced no longer induces 
the dissociation of carbon monoxide when placed in an atmosphere of this gas. 
In contrast to this, sponge Ni obtained by the reduction of an identical sample 


^ cf, Juliard, Bull. Soc. chim. 1932, 41, 65, 13S, 234 and 289, 
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by hydrogen markedly catalyses the dissociation of CO, and the rate oi 
dissociation increases with time, as with the reduction of NiO by pure CO. 
The Ni thus obtained entirely loses its activity when treated at 700® c. for 
I hr. in a stream of COg. The difference of these catalytic activities cannot 
be explained in terms of the poisoning of the Ni by an impurity in this gas, 
because Ni, already containing C, does not lose entirely its activity under 
this treatment. 



Fig. 2. 


It is thus possible, by performing the reduction of NiO in an atmosphere 
of carbon monoxide containing sufficient COg, to prevent a subsequent 
occurrence of the Boudouard reaction, in conffitions where the reaction is 
thermodynamically possible. 

Fig. 3 shows the variation, under similar conditions (same number of 
g.-mol. oxide and same CO flow), of the rate of reduction and dissociation 
for the reduction of FegOg by CO at 800® c. The reduction proceeds, in this 
case, in a slightly more complicated maimer than for NiO, because of the 
successive steps: 

FegOg -> Fe304 -> FeO Fe. 

In this case the dissociation of CO does not begin immediately with reduction, 
because nearly all the available CO is consumed in the first two stages of this 
reduction (transformation of FcgOg to FeO^. 
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By performing the reduction in stages at 800® c., using successively 
mixtures containing 20 % and 50 % of CO 2, it can be shown that the CO 
does not undergo dissociation so long as the sample of oxide does not contain 
any metallic iron (Fig. 2). The Boudouard reaction begins as soon as free 
Fe is fonned and goes on, as with Ni, when the reduction is complete. In 
this experiment the rate of the Boudouard reaction remained approximate!}^ 
constant after complete reduction because it was limited by the equilibrium 
concentration of CO 2 imposed by reaction {2) (under a total pressure of 
I atm,, the equilibrium concentration of COo at 800® c. rises to approximately 
10 %). 

As in the case of Ni, Fe produced by the reduction of FegO^ by Hg catalyses 
the Boudouard reaction, but it is not possible with this met^ to eliminate 
the occluded hydrogen by oxidation with CO 2 since this gas simultaneously 
oxidises Fe, thus introducing a new promoter into the metal. 



Fig. Sw-^Reduction of FejO, by CO at 800® c. with X^o of CO = 50 ml./min. 
Speed of redaction of oxide . , O 

Speed of dissociation of CO , . ^ 


Om exigents have sho-wn that absolutely pure nickel does not catalyse 
the dissociation of carbon monoxide. On the contrary, nickel charged Jth 
hydrogen does catalj-se this reaction; it takes place probably on acc^t 
of carbon nuclei formed via the reduction of carbon monoxide by traces of 
active hydrogen adsorbed on the nickel crystallites. ^ 

With r^d to iron and its oxides, we have observed that the Boudouard 
reaction not occur in conditions such that metallic iron could not be 
formed. With iron irc have always observed a catalytic activity but tlS 
does not seem to te due to pure iron since in the circumstances used thSe 
was always a possibility of formation of FeO, Ftfi. or Fe C ^ 

cazmo. 
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THE VAPOUR PRESSURE OF MAGNESIUM IN THE THERMAL 
REDUCTION OF MgO BY FERROSILICON 

By L. M. Pidgeon* and J. A. KiNGf 
Received 21st July, 1948 

The production of magnesium metal by direct reduction of MgO has 
been carried out on a commercial scale in the United Kingdom, U.S.A., 
Canada and Australia. Two basic methods have been exploited—^reduction 
of MgO by carbon, and reduction by a metal or metalloid, the oxide of which 
is non-volatile at the temperature of the operation. 

The reduction of magnesium oxide by carbon follows the simple reaction. 

MgO + C-CO-i-Mg(g) .... (I) 

It was shown by Slade ^ that the reaction would proceed to the right at 
temperatures of the order of 1900° c. Owing to the fact that the gaseous 
products would react at lower temperatures reforming MgO and carbon, 
the method was not employed commercially imtil the work of Hansgirg,* 
who developed a successM method of shock cooling the equilibrium mixture. 
The hot gaseous reaction products were blasted with a large excess of cold 
hydrogen. While the device is effective in suppressing the back reaction, it 
introduces a further complication in that the magnesium is condensed in 
the form of powder of submicroscopic particle size.* The powder is p57ro- 
phoric and cannot be coalesced by a melting operation. The only practical 
treatment for this dangerous material appears to be distillation, either 
in vacuo or in a stream of inert gas. A second step is thereby introduced 
and the simplicity of the basic reaction is, to some extent, sacnficed. 

The carbon reduction or carbothermic process was first operated com¬ 
mercially in Korea. During the recent war, plants were built at Swansea, 
Wales, and at Permanente, Califomia, U.S.A., the latter plant having a 
projected output of 12,000 short tons per annum. Both plants encountered 
numerous operating difficulties and apparently failed to obtain their 
rated output. 

The second type of thermal reduction process avoids the difficulties 
inherent to the handling of reactive metal powders. In the reaction 

MgO + X=XO + Mg(g) ... (2) 

if X and XO are non-volatile in comparison with magnesium, the reaction 
may be forced to the right by continuous removal of magnesium vapour. 
No other voktile vapours or gases are present in the S3^tem, and the mag¬ 
nesium may be collected in massive form. 

In order that the reactions may proceed at reasonable velocity at moderate 
temperatures (iioo®~i300® c.), reaction (2) must not be highly endothermic. 
The reducing agent X must preferably be a fairty reactive metal. While a 
number of feasible reducing agents are known, only three have been 
employed commercially—silicon, aluminium and calcium carbide. SiKcon 

1 Slade, 7. Chem, Soc., 1907, 93, 327. 

* Hansgirg, German Pat, 529.120, 1929. 

* Dungan, Trans, Amer, Inst, Min. Met, Eng., 1944* 

Professor of Metallurgical Engineering, University of Toronto, 
f Research Fellow, School of Engineering Research, University of Torottt« >. 
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in the form of ferrosilicon was responsible for the largest production and was 
employed in U.S.A. and Canada in plants with an estimated annual output 
of 74,000 short tons. 

The reaction of silicon is considered exclusively in this paper. The 
magnesia-bearing raw material is dolomite, which is chosen because it is 
av^able in unlnnited quantities in a high state of purity, and is readily 
converted to a suitable form by simple removal of CO2 by application of the 
lime-burners' traditional technique. The reduction reaction is considered to be 

2MgO -f 2CaO + Si(Fe) = 2Ca0.Si02 + 2Mg(g) + (Fe) . (3) 

The present authors have not proved the formation of the dicalcium silicate, 
but its existence is likely and has been frequently referred to by previous 
workers in this field.^ No information was found in the literature on the 
Mg pressure over reaction (3). Mention has been made of the reaction : 

2MgO -f Si = 2Mg(g) + SiOs ... (4) 

Doerner ^ reports values calculated by Meier for reaction (4) as follows: 
at 1200'’ c.: PMg = 0-190 mm. Hg, 

and at 1400® c.: PMg = 0-38 mm. Hg. 

On the basis of tliis calculation, Doemer concluded that reaction (4) did not 
ofEer attractive commercial possibilities. 

The present work was almost completed when a paper by Schneider and 
Hesse ® became available. These authors had used the experimental method 
to be described and had attempted to measure the equilibrium magnesium 
pressure o\^r reaction (4). They reported a value of 1-9 mm. Hg at 1200® c., 
but concluded however that a ma!^esium orthosilicate had been formed. 
Experimental examination by one of the authors ’ of reaction (3) showed 
that the reaction \\^ appreciable at 1050® c. and quite rapid at 1150® c. 
This information suggested that the reaction could be conducted in steel 
apparatus of simple design. A number of commercial plants were operated 
during the recent war using the silicon reduction of MgO and CaO at 
temperatures below 1200® c. The rapid distillation rates obtained in practice 
suggested that the magnesium vapour pressure is much higher in reaction (3) 
than that indicated for reaction (4). 

The experiments to be described were conducted to determine the reaction 
pressure of reaction (3) between 1100® and 1200® c. With a measured 
value available for magnesium vapour pressure, the equilibrium constant is 
readily a\^ilable and values \H and \G may be calculated. 

Experimental 

Since magnesium is the only vapour phase of appreciable magnitude over 
reaction (3^, its magnitude is a measure of the equilibrium of the reaction. The 
experimental problem resolved itself into the measurement of its vapour pressure 
at temperatures of the order of 1200® c. A consideration of available methods 
showed that, with few exceptions, they may be separated, with respect to the 
principles involved, into static and dynamic systems. 

Static methods involve some method of measuring the vapour pressure over 
the system at equilibrium. The Knudsen effusion method has been applied to 
a similar reaction producing calcium.* 

• KroU, Thermal Reduction of Alkaline Earik Metal Oxide (Light Metals, Oct. 1944), 

p. 465. Grosvenor, XJ.S\ Pat. 

•Doemer, U,S. Bur, Mines BuU., P, July, 1937 

• Schneider and Hesse, Z. Elektrochenu, 1940, 46, 24. 

^ Hdgeon, Trans, Can, Inst. Min. Met,, 1946, 49, 621. 

• Atlonson and Pidgeon, Trans, Can, Inst, Min. Met,, Jan., 1948. 
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In the case of the production of magnesium, the apparatus difficulties were 
less pronounced, owing to the lower reactivity of the metal vapour and the 
greater ease of condensation at high pressures. It was decided to adopt a dynamic 
method employing entrainment. A current of inert gas is passed through the 
sample unfil saturation is achieved. The metal vapours are condensed and 
weighed, and the volume of inert gas is also measured. From the known measured 
volume of inert gas and computed volume of metal, the vapour pressure of the 
latter may be obtained by apphcation of the gas law’. 

The entrainment method is applicable to the pressure range which w’as 
expected It is least dependent on theoretical calculation and calibration. The 
apparatus is simple in construction and satisfactory accuracy and precision of 
measurement may be expected over a wide range of temperature. 



The ideal conditions inherent to accuracy are :— 

(1) Complete saturation of the carrier gas, which must itself be inert to 
magnesium, must be established throughout the measuring period. The reacting 
charge must not be appreciably depleted of reactants 

(2) Temperature, pressure and rate of flow of reacting gas must be constant 
and accurately measured. 

(3) Condensation of Mg must be complete, and the amount accurately deter¬ 
mined. 

(4) The reacting charge should be heated “ instantly to the reaction tem¬ 
perature and cooled instantly at the end of the measured period. 

These are ideal conditions, some of which are impossible to fulfil in practice. 
Whenever departures from the ideal occurred, the eftect of the discrepancy was 
determined and, if possible, a correction was applied. 

Apparatus.—^The apparatus is shown in Fig. i. The carrier gas is commercial 
pressures are measured. Stopcock (6) is used to start and stop the hydrogen 
hydrogen (i) which passes through a regulator (4) where the tank and system 
flow’ which is set to a constant value by a regulating valve (5). Stopcocks (7, 8, 9) 
provide a means of purging the entire system wdth nitrogen before and after each 
run, to avoid explosive air-hydrogen mixtures. 

The hydrogen passes through a wet test meter (10) where its volume is 
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measured. The temperature of the hydrogen at the meter is registered on a 
thermometer (ii). The hydrogen is then partially dried in a calcium chloride 
tower (12). Bypass tube {16) was employed to purge the system at high flow-rates. 
The hydrogen then passes through a calcium chloride drying tower (17) and a 
progression of tubes containing phosphoric pentoxide (18). Beyond the final 
drjdng tubes (18), the hydrogen enters the bottom end of the retort tube (20) 
through a tightly fitting rubber stopper (19). The hydrogen is heated on its way 
up the retort tube and passes through the briquetted reaction material (25). 
The reacting charge (25) is held in place by perforated iron plugs (24, 26) which 
are supported by a rod (22). 

Magnesium vapours saturate the hydrogen in the reaction zone (25) and are 
carried to an iron tube condenser (34) containing a steel wool mesh (34a). The 
hydrogen leaves the upper end of the retort and passes through a dust trap (36) 
to a pulse eliminator (37), which removes the pulsation caused by the bubbling 
of the hydrogen in the back-pressure tube (38). The hydrogen, as it enters the 
back-pressure tube, is forced under an adjustable depth of water (39). The 
added back-pressure is registered on the manometer (42). The hydrogen leaves 
the back-pressure chamber through an orifice (45) where it is igrdted. 

The furnace (27) is mounted at an angle of 45° so that the reacting material 
win settle and completely fill the cross-sectional area of the retort tube. A 
close-fitting hole at each end of the furnace permits the retort tube to be slid in 
and out of the furnace. The furnace chamber (28) is lined with 2 of refractory 
brick (29) which is backed by 2 of insulating brick made of foliaceous mica (30). 
A Globar heating element rod is located on each side of the retort tube (20) and 
parallel to it. A chromel-alumel thermocouple (32), connected to the controlling 
pyrometer, was mounted with its hot junction Y "to one side of the retort tube in 
the furnace chamber. This thermocouple is used only to control the temperature. 

The retort tube (20) made of 28 % chromium steel is 35^ long with inside 
diam. and Y walls. The bore at the condenser end was slightly increased to 
form a shoulder upon which a lip at the top of the condenser could rest. The 
condenser (34), a g*" length of soft iron pipe, was machined to give a close fit 
in the retort to prevent magnesium vapours from passing beb^'een it and the 
retort tube. A strip of steel wool (34a), weighing i*ooo g. and Y length, fills 
the cross-sectional area of the condenser at the area where condensation takes 
place. A fresh piece of steel wool is used for each run. 

A standard chromel-alumel thermocouple {21) in a 3/16'' iron protecting tube 
(23) projects through the centre of the briquetted charge (25) with its tip at 
the upper end of the reaction zone. The protecting tube extends beyond the 
bottom end of the reaction zone to prevent contamination of the thermocouple 
wires with magnesium vapours. Mounted in this manner, the thermocouple 
gives a measurement of Ihe temperature of the reaction at the point where 
the magnesium vapours are leaving the reaction zone. 

Reaction Mixture .—K Grenville series dolomite was obtained through the 
courtesy of Dominion ^lagnesium Limited. Its composition after calcination 
at 975* c. was as follows: 

MgO = 44*00 

CaO =* 55-82 
0*24 

Insol. — 0*32 

The burned dolomite was ground in a Ra3rmond impact mill to 90 % — 150 
mesh. 78-8 ferrosilicon was ground to 100 % — 80 mesh with 30 % — 150 mesh. 
Tte reactants were mixed in stoichiometric proportions and briquetted without 
binders. The briquettes were lightly crushed and screened to produce a size 
range between — 0*371' and + 0*185', They were dried at 550® c for approxi¬ 
mately 25 min. 

Precisioii and Accuracy of Entrainment System.—It was realised that 
the degree of accuracy and precision obtained would depend on the ability of 
the entrainment system to fulfil the ideal conditions set forth above. Some 
200 test runs were made during which certain sources of error were minimised 
or eliminated. 
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(a) Saturation of Hydrogen with Magnesium Vapour. —^The fundamental 
principle of the system is that the carrier gas shall be saturated with magnesium 
vapour. This situation is achieved if the hydrogen after saturation passes over a 
portion of unreacted charge. 

The reaction mixture must be long enough so that saturation has occurred 
before an appreciable fraction of the charge has been traversed. Obviously, 
the rate of hydrogen flow and length of the reaction mixture are interrelated. 
The reaction velocity is also a factor which is elimmated provided the reaction 
zone is long enough for a given hydrogen rate 
Depletion of the charge 

takes place as the reaction 0-4x11 t 

proceeds, and this must ^ 

not reach the end of the The Effect of Hydrogen Rate on 


reaction zone. With a 40 g. 
charge, it was found that 
saturation could be main¬ 
tained at hydrogen rates of 
o-oi c. ft /min.; during the 
passage of 3 c. ft of H2 
approximately 2 g Mg were 
collected; weighing and 
handling losses should not 
exceed o-ooi g. which cor¬ 
responded to 0*01 mm. Hg 
in the calculated vapour 
pressure. 

The experimental condi¬ 
tions in this respect were 
notably different flrom those 


THE Degree of Saturation 


Hydrogen | 

Condensed 

Magnesium 

(g.) 

1 

" 

Apparent 

Reaction 

Volume 
(c. ft. 

N.T.P ) 

Rate 

(c. ft./min. 

' at N.T.P) 

Pressure of 
Magnesium 

2*900 

0*0388 

1 

2 *IQ 2 

iS -3 

2*900 

0*0291 

2*211 1 

i8-5 

2*900 

0*0193 

2*223 

i8"6 

2*900 

0*0190 

2*228 

i8-6 

2*900 

0*0096 ' 

2*232 

18-7 


of Schneider and Hesse who apparently used a single briquette and made no 
attempt to achieve saturation, but relied upon extrapolation to zero hydrogen 
flow to give the saturation value. They reported reaction to the extent of 31 % 
at higher temperatures and indicated that diflerent values were obtained when 
a briquette was re-treated. In the present work any eftect due to reaction 
velocity has been completely eliminated (see Tables I and II). 

(6) Temperature Measurement and Control. —Preliminary experiments 


showed that the reaction pres- 


TABLE II 


sure almost doubled between 
1100° and 1150° c., corre¬ 


Rttn 

No. 

Vol. 
(c. ft. 

N.T.P.) 

1 Rate 

1 (c. ft./min 

1 N.T.P.) 

Condensed 

Magnesium 

(g.) 

•^Mg 

(mm. Hg) 

3 

[ 2*900 

1 0*0290 

2*228 

18*6 

4 

1 2*900 

i 0*0283 

2*225 

18*6 

5 

! 2*900 

1 0*0192 

2*233 

i8*7 

2 

2*900 

f 0*0097 

2*235 

i8*7 


sponding to a mean increase 
of 2 %/degree c. (0-4 mm 
Hg/degree c. at 1150^0.). 

The controlling p3rrometer 
permitted a period fluctuation 
of temperature in the furnace 
atmosphere at ± 1-5® c. The 
variation of the temperature 
in the centre of the reaction 


“ - - - — 2one was barely detectable 

on a potentiometer reading 
to 0*25® c. The thermocouple in the reaction zone was view^ed directly with an 
optical pyrometer after each run. If the e.m.f. of the thermocouple was found 
to be drifting, the thermocouple was renewed. Temperature gradients in the 
reaction zone were determined under operating conditions. The reaction zone 
w’as placed in a region of the retort in which file temperature w^as uniform to 
wdthha I® c. 


{c) Hydrogen Volume Measurement. —Gas volumes w'ere measured by a 
wet test meter accurate to o*ooi c. ft. The meter was calibrated by direct 
displacement methods. The wet test meter measures the volume of hydrogen 
used plus the volume of entrained water vapour from the hydrogen cylinder 
and the meter itself. For a number of tests at room temperature (24®--28® c.) a 
liquid-air trap was used to remove and collect the entrained water vapour. In 
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several such tests the hydrogen was found to contain 3-3 ± 0*07 by \'0lume 
of water vapour. 

Since the hydrogen/water vapour proportions remained so nearly constant, 
direct measurement of water content was abandoned and a standard correction 
was made for each experiment. A variation of o*i % by volume of water vapour 
in 3-000 c. ft of hydrogen introduces an approximate error of o-oi mm. Hg in 
the reaction pressure measurement. The P2O5 drying train reduced water to 
less than 0-05 % corresponding to a pressure error of 0-005 mm. x\ny slight 
oxidising impurities in the hydrogen would be removed when the gas entered 
the reaction zone. 

xVtmospheric pressures in the laboratory varied between 740 and 765 mm. Hg. 
It was found preferable to use a constant pressure of 765 mm for all experiments. 
By checking the atmospheric pressure, frequently the total pressure could be 
held to within 0*5 mm. Hg by a simple adjustment of the back-pressure (see 
Fig. i). The error so introduced is insignificant. 

Since it is impossible to heat the sample instantly to the reaction temperature 
and cool it instantly at the end of the experiment, it was decided to use the 
hydrogen flow as a mechanism to initiate the measured period. A nominal 
flow of 0-0005 c. ft./min, was established with the tube outside the furnace, but 
charged and with the condenser in position. The furnace "was brought to the 
operating temperature and the tube inserted. When the thermocouple in the 
charge read the required temperature, the desired hydrogen rate was established 
and the volume carefully measured. At the end of the measured period, the 
hydrogen rate was reduced to the nominal rate of 0-0005 c. ft./min. while the 
tube was removed from the furnace and cooled. The system was purged with 
nitrogen when it had fallen to 600® c. and subsequently opened when cool enough 
to handle. 

A test run showed that only 0-0007 g Mg was produced during the&e heating 
and cooling periods introducing a negligible error of 0-005 Hg in the calculated 

vapour pressure. 

(d) Condensation of Magnesium Vapour. —^During the early development 
of the apparatus, condensation of the magnesium vapours took place in an iron 
tube inserted in the retort tube to a point where a poiiion of its length w’as at the 
proper condensing temperature. With this arrangement, an average of about 
15 % of the magnesium was condensing as powder. Depending on the hydrogen 
rate, from 10 to 20 % of this powder did not remain in the condenser and was 
dififlcult to collect. The powder was presumably foimed by vapour-phase 
condensation, the magnesium vapour being condensed by the cold hydrogen in 
the vicinity of the condenser. The analogous case of Zn “ blue powder ” may 
be referred to. 

The problem was solved by the use of a piece of steel wool in the condenser 
section. An extensive surface for condensation Tvas provided, consequently powder 
formation was reduced to less than o-i % of the total weight of condensate. This 
powder was caught in the gauze so that losses by the escape of magnesium powder 
from the condenser were below the accuracy of the experiment. 

The condensate was largely in the form of massive shiny crystals. An analysis 
of the deposit (courtesy of Dominion ^lagnesium Ltd.) is as follows : 

A 1 < 0-007 %. ^ < o-ooi %, Pb o-oi %, Ni < 0-0005 %, 

Cu < 0*0005 %» Fe 0-031 %, Si < o-ooi %, Ca < 0*004 %. 

(e) Magnitude of Errors, —^The sum of the discernible errors, in terms of 
Mg pressure, is 0-02 mm. Hg. It seems reasonable to report values of vapour 
pressure to o-i mm. Hg 

Results 

Hydrogen Rate on Pm**—^T he initial experiments sought to prove 
that the entrainment gas was saturated with magnesium at the equilibrium 
pressure of the reaction 

2MgO -I- 2CaO + (Fe) Si = 2Mg(g) + 2CaO,SiO* 4- (Fe) 
at temperatures betw'een 1100® and 1200® c. The rate of H* flow was widely 
corresponding equilibrium pressure calculated. Results appear 

m Table I. 
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The resu^ plotted in Fig. 2 show a slight variation of apparent reaction 
pressure v^th gas velocity. The extrapolated pressure for zero flow was but 
0*02 mm. Hg higher than that at o*oi c. ft /min. This difference is within the 
expemnental error and it is assumed that saturation was obtained at hydrogen 
new rates of o*oi c ft./min, or less. At rates much higher than o*oi c. ft./min., 
saturation is not achieved in this system, and a longer reaction zone would be 
required. 
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Rate of hydrogen flow (c. ft 'min ) 

Fig 2.—Eflect ot the rate ot hydrogen flow on the apparent reaction pressure at 1150® c. 

Effect of CaF2 on Equilibrium Pressure Measurement.—It has long been 
known that CaFa accelerates reactions of this type.® If it acts as a catalyst, the 
equilibrium pressure should be unaffected. Results similar to those of Table I 
are shown in Table II. All conditions are the same, except for the addition of 
5 % —200 mesh CaFa, based upon the weight of the reacting charge. 

The results appear in Table II. There is evidence of accelerated reaction rate 
as the apparent reaction pressures are higher at high rates of hydrogen flow. 
The extrapolated value at zero hydrogen flow is the same as that obtained in the 
absence of CaFg. 

Effect of Temperature.—^The effect of temperature on pressure was 
determined by conducting similar experiments at temperatures between 1100® c, 
and 1190® c. At the highest temperature, the hydrogen rate and volume were 
reduced to prevent depletion of the reaction mixture. Results are shown in 
Table III. 

TABLE III 


Hydrogen 

Reaction_ 

Temp. Rate Volume 
® I (c. It./min. (c. ft. 

N.T.P.) N.T.P.) 


Condensed 
Mg (g-) 


Pu, 

(mm. Hgi 


1100 

0*0099 

2*900 

1*192 

IO*T 

1125 

0*0096 

2*900 

1*670 

14*1 

IT50 

0*ooq6 

2*900 

2*232 

iS*7 

1170 

0*0085 

r *455 

1-450 

24*0 

1190 

0*004S 

1-353 

1-715 

30*2 


The reaction pressures are plotted logarithmically in Fig. 3 produemg a 
straight line which is expressed by the equation : 

log Ph, = + 8-918 

Reaction pressures, calculated from this equation, and also covering a short 
range of temperature outside the experimental measurements, are shown in 
Table IV. 

• KroU, Light Metals^ Oct., 1944, P* 4 ^ 5 * 
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Discussion 

In 1 faction (4) magnesium is the only reactant as a product in the gaseous 
state. The equilibrium constant is therefore equal to the square of the 
magnesium pressure in atmospheres: 

Kp = (PMg)*. 


Values of In ii plotted against i/r 3deld a straight line from which it is 
possible to calculate the heat of reaction using the integrated form of the 
van't Hoft equation * 


TABLE IV 


T (^K) 

(atm) 

KpXlQ* 


1323 

0*0065 

0*433 

100,970 

1373 

( 0*0120 

1*722 1 

100,340 

X423 

i 0*0250 

6*250 

99.670 

1473 

0*045 

20*370 

98,990 

1323 

o*o8o 

61*915 

98,300 


Calculated values for Kp and Aff 
appear in Table IV. 

The magnesium pressure measured 
over reaction (4) is approximately 
ten times as high as that reported 
previously. The calculated value 
for AjET is also smaller than expected. 
Calculated values for PMg obtained 
by selecting likely values for the 
entropies of the reactants and pro¬ 
ducts give much lower values than 
those measured. 


The experimental technique is fundamentally simple and few sources of 
error exist which would produce a high value. The use of a long reaction 
zone ensures that saturation was achieved in a manner independent of 
reaction velocity, and ensures supply of heat, and diffusion of magnesium 
to the surface of the briquette. This situation apparently did not exist in 
the experiments of previous 
workers who employed a 
single briquette. The previous 
work also employed a large 
excess of silicon (zMgO + Si), 
so that the probable reaction 
was 

4MgO + 2Si = 

2Mg aMgO.SiOa + Si. 

In addition to this difference, 
the supply of magnesium 
vapour over the smgle bri¬ 
quette depended upon the 
reaction velocity and the dif¬ 
fusion of magnesium vapour 
to the surface of the briquette 
through the solid reaction 
products. These factors may 
account in part for the lower 
values reported by Schneider 
and Hesse, 

The relatively high pres- 


0. explain the 
commercially 
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in heat-resisting steel apparatus. In full-scale operations in 10" retorts contain¬ 
ing 200 lb. of charge, the total pressure had no effect on 5delds between o*oi 
and i-o mm. Hg. Lower pressures (below o-i mm.) were desired to promote 
a dense condensate. Small-scale operations conducted by one of the authors 
at various pressures of inert gas showed that the pressure could be increased 
to several nun. Hg before the yield was seriously reduced {P = o*ooi mm. Hg, 
yield = 78 % ; P = 5 iiun. Hg, yield = 72 %). 

Mechanism of Reaction. —^While the primary object of this work was 
the determination of the equilibrium vapour pressure, the apparatus was 
adaptable to qualitative experiments which indicated the nature of the 
reaction mechanism. At least three suggestions have been made, \iz.y 

(1) silicon vapour, 

(2) silicon monoxide (SiO)—Schneider and Hesse held this \dew—and 

(3) solid diffusion be¬ 
tween the reactants of the 
system. 

(i) and (2) postulate a 
volatile substance. Using 
the entrainment method, it 
should be possible to carry 
either of the gases from 
the reducing agent to the 
reactants. To determine 
the possible role of these 
reducing vapours, a charge 
of briquetted calcined dolo¬ 
mite was placed in a retort 
tube adjacent to, but separ¬ 
ated from, granulated sili¬ 
con (97 % Si) and heated 
to 1200° c. Hydrogen was 
first passed through the 
silicon to cany vapour, if 
any, to the area containing 
the briquetted dolomite. 

After 24 hr. only a neglig¬ 
ible quantity of magnesium 
appeared in the condenser 
placed beyond the charges. 

Similar results were obtain¬ 
ed when the silicon was 
replaced by a mixture of Fig 4. —Calculated reaction pressure curve for us 
10 % SiOji powder and extended range of temperature. 

90 % granulated silicon. 

In contrast to this, intimate mixture of silicon with the dolomite causes 
complete reaction in but a few hours. 

It appears, therefore, that SiO and silicon vapour have little or no function 
in the reaction at 1200° c. or less, but that the impetus stems primarily from 
solid diffusion between the reactants. 

The authors wish to express their appreciation of the generosity of the 

Pidgeon, loc. cU, 

Hdgeon, loc, cit, 

^ Schneider and Hesse, loc cH, 
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School of Engineering Research at the University of Toronto in supporting 
this investigation. 

Summary 

The equilibrium pressure of magnesium vapour over the system, 2MgO+2CaO-f S 
^Fe), has been measured by the entrainment method at temperatures between iioo® 
and 1200° c. Png was found to be much higher than was generally accepted. Using 
the Pwg values established, Ap and AH were calculated for a range of temperature. 

CaFa has no elrect on the equilibrium vapour pressure, but is an effective catalyst for 
the reaction. 

There is substantial evidence that such volatile reducing agents as silicon vapour 
and SiO are not a major factor m the reduction of MgO in this system. The high 
reaction rate is apparently supported by solid diffusion between the reactants. 

University of Toronto, 

Canada. 


ON SOME EQUILIBRIA INVOLVING ALUMINIUM 
MONOHALIDES 

By P. Gross, C. S. Campbell, P. J. C. Kent and D. L. Levi 
Received 6 th July, 1948 


It has been proposed to refine aluminium, and to produce it from arc 
furnace products such as aluminium ferro-silicon, by utilising the formation 
of the normally unstable aluminium monohalides. If, for example,^ 
aluminium trichloride vapour is passed over heated aluminium-bearing 
material, the equilibrium 

2AI + AICI3 = 3AICI . . . . (i) 

is approached, and the resulting vapour mixture reverts on cooling to pure 
aluminium and the normal halide, which is re-introduced into the process. 
The thermodynamics of the aluminium monohalides, and especially of the 
monochloride, is therefore of metallurgical interest. 

All the aluminium monohalides are known from their band spectra. 
The spectroscopic data are sufficient for calculating the entropy of AlCl, 
and for making a satisfacto^ estimate of the entropy of AJF. They 
cannot, however, used to give a reliable value for the heat of formation 
of these halides, since^ the energy of dissociation is uncertain because the 
transition cannot be identified without ambiguity, and quite apart from 
this, there is the imreliability inherent in the graphical Birge-Sponer extra¬ 
polation for molecules in which the ionic forces contribute appreciably to 
the binding. The heat of formation, therefore, must be determined from 
measurements of equihbria involving the monohalides, but because of the 
rather high temperatures involved, and the experimental difficulties arising 
from the very active nature of the aluminium monohalides, accurate heats 
of reaction cannot easily be determined from the temperature dependence 
of the equihbria. A more reliable value can be obtained from measurements 
of equilibria in which the free energies of all the other reactants are 
sufficiently well known, together with entropy values for the monohalides 
derived from band spectra. 


1 BriK Pai., 582, 579, 
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The equilibnum 

NaCl(s) + A1(Z) = Na{z;) + A 1 C 1 ( 7 ;) ... (2) 

seemed suitable for this purpose provided that the simultaneous reaction 
SNaCl + A 1 = AlCls + sNa ... {3) 

occurred to only a negligible extent. This is shown to be the case by the 
equilibrium constants for reaction (i), determined in experiments described 
later in the paper, and could also be deduced from Miescher’s ^ value of 
5*35 i 0*3 ov. for the dissociation energy of aluminium monochloride. 

Direct measurement of the pressure of reaction (2) or of any similar 
reaction is difficult because the unstable halide reacts with the material of 
which any container, manometer, etc., might be constructed. For the 
measurements the following very simple experimental procedure, which 
appears to be of quite general application, was evolved. An unknown 
heterogeneous equilibrium, together with another known one (e.g., an 
evaporation) which must not interfere with the first, is allowed to establish 
itself in an evacuated vessel which is closed except for a capillary outlet. 
The equilibrium gas mixture streams through the capillary and is allowed 
to condense in a suitable condenser. The ratio of the unknown pressure 
to the known one is determined by analysis of the condensate after the 
experiment. 

The condensate will be of the equilibrium composition if the dimensions 
of the capillary are so chosen that: 

(a) the flow through the capillary is small compared with the mass of 
the molecules striking its cross-section per unit of time ; 

(b) the diameter of the capillary is great compared with the mean free 
path; and 

(c) the flow through the capillary is small enough not to upset equilibrium 
inside the vessel, and great enough to make the effect of any back- 
diffusion into the vessel negligible. 

In order to test this method, experiments were carried out comparing 
the vapour pressure of potassium chloride (solid) with that of lead (liquid), 
the results yielding satisfactory values for the heat of evaporation of lead. 
By comparing the pressure of reaction (2) with the vapour pressure of 
sodium chloride, the heat of formation of aluminium monocWoride was 
derived. Comparison of the pressure of the reaction 

KCl(s) + Al(/) = K(i;) -I- AlCl(t;) ... (4) 

with the vapour pressure of potassium chloride, enabled a second value 
for this heat of formation to be calculated. By comparing the pressure 
of lead with the pressure of the reaction 

2A1 + A1Fs==3A1F .... (5) 

a value for the heat of formation of aluminium monofluoride was obtained. 

Finally, the equilibrium constant of reaction (i) was measured directly 
at temperatures in the region of 1000° c. and at pressures of about 25 mm. 
of aluminium trichloride. The method used involved the passing of a 
known volume of purified argon over heated solid aluminium trichloride 
(thereby establishing a definite partial pressure of aluminium trichloride) 
and then bubbling the gas through liquid aluminium at a known rate. 
Equilibrium was established, and the equilibrium mixture formed was passed 
over a copper gauze in which the following reaction occurs; 

3AICI + Cu = AlCls + (Al, Cu). 

Aluminium trichloride is reformed, and the aluminium alloys with the copper. 


* Miescher, Helv, phystc, Acta, 1935, 8, 279. 
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This gives a method of estimating the concentration of monochloride in 
the original equilibrium mixture by determining the aluminium content of 
the copper an^yticaUj'. 

Experimental 

The vessel (Fig. i) used for the comparison of the vapour 
pressures was made either from graphite or from pure alumina 
sintered to such an extent that it was gas-tight but still 
machineable.* The graphite vessel (3 in.-5 in. long and i in.-z in. 
external diam.) was anachined from a rod and threaded to take 
a screwed-in stopper (s). The alumina vessel (3 in. long and i| in. 
external diam.) had a ground-in alumina stopper. The stoppers 
had a drilled capillary outlet and a recess to take a ground-in 
refractory (muUite) tube (m). 

Three sizes of capillary were used, the nominal dimensions 
of which were : (a) length 5 mm., diam. 0*343 (80 Morse); 

(b) length 12*5 mm., diam. 1*75 mm.; (c) length 12*5 mm., 
diam, 3*5 mm. The refractory tube (length 45 cm.) served as 
the condenser, two sizes of bore being used, (N) 7 mm. and (W) 
15 mm. In the experiments in which aluminium was distilled 
it ^vas absorbed by a metal lining (generally copper f) inside the 
refractory tube. 

The vessel was filled, in the case of the lead-potassium chloride 
experiments, with a mixture of a.r. lead powder and fused a.r. 
potassium chloride which had been coarsely crushed and sieved. 
In the experiments with solid sodium or potassium chloride 
and aluminium, coarse aluminium powder was mixed wdth 
granules obtained by sieving coarsely crushed briquettes made 
horn fine aluminium powder and fused a.r. halides. In the 
experiments wdth liquid salts, coarse alu m i niu m powder was supported by coarse 
alumina powder and the salt was contained in a small alumina boat into 
which it had been fused. 

The filled reaction vessel, wdth the condenser attached, was placed inside a 
silica tube which itself was for half its length put into a tubular furnace. The 
vessel itself wras situated in the hot zone of the furnace, the muUite tube extending 
into the cold unheated part of the silica tube. The silica tube was evacuated 
and kept at constant temperature for a suitable time, the temperature being 
measured and controlled by a platinum~platinum-rhodium thermocouple attached 
to the outside of the tube. The measured temperature 'was corrected 
for the temperature difference between the outside and inside of the tube. 

In the case of the lead-potassium chloride, the aluminium-sodium chloride 
and the aluminium-potassium chloride systems, the temperature dependence of 
the two pressures compared is about the same. This has the advantage of maTring 
it unnecessary to measure the temperature 'with very great accuracy. The 
temperature dependence of 'the ratio of the vapour pressure of lead to the pressure 
of reaction (5) is greater than that for the corresponding ratio in the other 
systems studied, but it is much smaller “than the temperature dependence of 
the pressure of reaction (5) itself. 

After the experiments the muUite tube ^vas removed from the vessel, and 
the condensate a n a ly sed. For the lead-potassium chloride series, where no 
lining 'was used, the potassium chloride 'v^as dissolved in hot water, the solution 
filtered and the jwtassium chloride in the filtrate titrated. The condensed lead 
which remained inside the tube and any traces which inight have washed off 
during solution of the potassium chloride and remained as residue after filtration 
were dissolved in nitric acid and determined as chromate. 




' I ' 



Fig. I. 


* The alumina vessel was used to exclude any possible interference by the formation 
of ^uminium carbide. This would be the case only if carbide were formed much more 
readily t^ aluminium monohaUde, but in spite of the flow rate, using graphite, being 
changed by a f^tor of 9. no trend in the ratio Al/NaCl was observ 5 ? ® ^ ® 

t We w indebted to Dr. W. E. AUdns, of Messrs. Thomas Bolton and Sons Ltd. 
for supplying some of the 03 cygen-free high-conductivity copper foil. 
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In the experiments in the sodium chloride-aluminium and potassium chloride- 
aluminium series, a short copper lining was used. This was removed from 
the tube and the condensed hahde dissolved in water and determined by titration. 
The lining itself was dissolved in nitric acid, the copper removed from solution 
by electrolysis, and the aluminium determined by precipitation with ammonia 
and weighing as AI2O3 

In a few experiments with liquid salt a nickel lining had been used, the 
aluminium content being determined by weight difference. This procedure 
was less satisfactory. 

In the aluminium fluoride-lead-aluminium series, the weight of the aluminium 
fluoride was determined by direct weighing after collecting it carefully from 
the unrolled lining. The lead was deposited in the cooler region of the copper 
lining. This portion of the lining was dissolved in acid and the lead estimated 
as chromate after removal of copper by electrolysis. That lead which condensed 
with the fluoride was estimated separately. The aluminium was absorbed in 
the hottest zone of the lining and was estimated as already described. 

In the experiments for the direct determination of the equilibrium constant 
of reaction (i), the apparatus was as follows. Argon of 99*1 % purity, supplied 
from a cylinder, was used. It passed through a flowmeter and then through 
a purification train consisting of (i) a tube containing magnesium perchlorate, 
(2) a phosphorus pentoxide tube, (3) a tube containing copper gauze heated to 
700° c. (to remove osygen), (4) a tube containing calcium turnings heated to 
750® c. (to remove nitrogen), (5) two tubes containing phosphorus pentoxide. 
The gas then passed through a glass tube about 12 in. long and of J in. bore, 
containing vacuum-redistilled aluminium trichloride. The tube was placed in 
a thermostat kept at a temperature in the region of 125® c. and constant to 
± o-i® c. After saturation with aluminium 
trichloride the gas passed through the heated 
glass tube (g. Fig. 2) and then through the 
alumina tul^ (a), which dipped into liquid 
aluminium (/). The glass tube was connected 
to the alumina tube by means of a cone- 
and-socket joint (j) which was lubricated 
with a mixture of graphite powder and 
siHcone grease ; this joint was gas-tight 
when kept at 140® c. The liquid aluminium 
was in the inner alumina tube (i), .which 
itself was inside a larger alumina tube (0). 

At the top of the tube (i) was a system of 
alumina bafiOles (6), which prevented the 
molten metal from splashing on to the copper 
gauze (eg) placed above the baffles. The 
alumina tube (0) was inside the silica tube 
(5), which was surrounded by an electric 
furnace. The top of the silica tube was 
sealed off from the air by a packing of 
alumina powder (p) which, however, was 
sufficiently porous to permit escape of the 
argon after it had passed over the copper 
gauze. Since the stream of gas through the 
liquid was comparatively slow (about 3 
l./hr.), a further stream of purified argon 
(12 l./hr.) was passed into the top of the 
silica tube so as to sweep away any air that 
might have diffused in. This second stream 
also escaped through the alumina packing. 

The upper part of the silica tube contained 
a roll of copper gauze (£;) which offered an 
additional means of removing oxygen which 
might have diffused in. The absence of oxygen from the system was essential in 
these measurements, since it might have reacted with aluminium monochloiide 
and so have reduced the apparent concentration of the latter. A thermocouple 
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(not shown) was used to measure the temperature of the middle of the column 
of liquid aluminium, the total temperature gradient of which did not exceed 
about 4° c. The temperature gradient in the furnace was such that there was 
a rise in temperature between the surface of the aluminiuin and the copper 
gauze (eg). This prevented any partial reversal of the reaction by cooling of 
the equilibrium mixture before it had passed over the copper gauze. The copper 
gauze was in three sections, each about i in. high The bottom gauze absorbed 
about 98 % of the total aluminium found, showing that this method of estimation 
is practic^y quantitative. 

It was found impossible, at the gas flow rates used, to obtain reproducible 
\’alues for the partial pressure of aluminium trichloride by relying on saturation 
of the argon at a known temperature of the trichloride. Consequently, after 
each run, the composition of the gas v’as estimated by condensing l 3 ie trichloride 
on the walls of a weighed glass spiral (gs) connected to the tube (g) by means 
of a ground joint attached to (j). Since aluminium trichloride shows a very 
marked tendency to supersaturation, quantitative condensation by this method 
was possible only when the glass wall had been previously etched with hydro¬ 
fluoric acid, and when in addition the spiral contained a packing of glass wool 
[w) similarly etched. This method of anal3rsis gave results reproducible to 2 %. 

In the experiments the whole apparatus was first thoroughly swept out *wi^ 
argon, the electric furnace and the aluminium trichloride thermostat then being 
brought to the required temperature. For the measurements about 3 1 . of 
argon was used, the volume being read (to 0*1 %) by means of an aspirator 
system. The temperature and pressure of the gas were also read. AEter a 
su£ 5 cient volume hkd passed, the furnace was allowed to cool with the secondary 
argon stream still running. An estimation of the trichloride content of the 
primary argon stream was then made. Finally the aluminium content of the 
copper gauze (eg) was determined analytically. 


TABLE I 

The System Lead-Potassium Chloride (solid) 
Graphite vessel, temperature 748® c. 


Stopper 

Condenser 

Time 

Lead 

KCl 

Mole ratio 

Tj-pe 

, Tube 

(hr.) 

(g.) 1 

(g.) 

Pb/KCl 

c 

W 

3 

1 ' 

1 0-349 

2*035 

0*0624 

c 

\V 

3 

0*318 

1-834 

0*0629 

c 

N 

N 

3 

0*230 

1*279 

0*0653 

c 

3 

0*199 

1*083 

0-0668 

B 

W 

6 

0-114 

0'712 

0-0582 

B 

\V 

6 

0*129 

0738 

0-0635 

B 

\v 

6 

0*127 

0*718 

0-0643 

B 

B 

w 

K 

6 

6 

0*108 

0*092 

o*6o6 

0-533 

0*0648 

0-0626 

B 

N 

6 

0*087 

0*509 

0*0623 




Mean value adopted = 

0-0633 

Condenser Tube, W bore = 

15 mm.; 

N bore = 7-8 mm. 




Stopper Type: C, Cap^ary 3*5 mm. nominal bore x 12*5 mm. 

B, Capillary 1-75 mm. nominal bore x 12*5 mm. 


Results 

The consistent of the exj^riments with solid salts, as seen from Tables I, 
II and IV, was in general satisfactory, especially if one considers the variations 
(o-i to 0*8 ^/hr.. Table I, 0-022 to 0-48 g./hr.. Table II) in the rate of flow 
of vapour through the capillary. In the experiments with lead-aluminium 
trmuoride without alummium, which were made with the intention of redeter¬ 
mining the vapour pressure of aluminium trifiuoride independently, the results 
were much less reproducible and too low. This may have been due to the 
vapour of the trifiuoride, like that of aluminium tnchloride, tending to be 
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supercooled and thereby escaping from the condenser. The ratio of aluminium 
trifluoride to lead was much more reproducible in the experiments with aluminium. 
This may have been due to the formation of crystallisation centres by the 
reversal of reaction (5). 


TABLE II 

The SvsrEM Aluminium-Sodium Chloride (solid) 


Graphite vessel, temperature 780° c. 


Stopper 1 
Tj'pc 1 

Time 

(ta.) 

Alumimum 1 

(mg.) 

1 Total NaCl 

(g.) 

Mole ratio 
Al/NaCl* 

(' 

2*25 

28-25 

1*052 

0*0617 

( 

2 

23*5 

0-781 

0*0702 

c 

2 

20*8 

0-758 

0*0632 

B 

0 

9-0 1 

1 0-334 

0*0617 

B 

6 

10*2 1 

1 0*379 

0*0621 

B 

0 

8*1 

0*305 

0*0611 

P 1 

6 

8*65 

1 0*316 

0*0630 

B 

6 

8*85 

1 0*313 

0*0651 

Alumina vessel, 

temperature 760° c. 



® 1 

18 1 

10*3 1 

0*388 

0*0609 

B 

18 

1 

0-385 

0*0624 

B 

18 ' 

11*2 1 

1 0*415 

o*o6i6 

B 

18 

10*8 1 

0*459 1 

0-0547 


Mean value adopted = 0*0623 


Stopper T\pe : C, Capillarj^ 3*5 mm nominal bore X 12*5 mm. 

B, Capillarj’ 1*75 mm. nominal bore X 12*5 mm. 

♦ This refers to salt distilled by direct evaporation only. 

The results of the experiments with liquid sodium chloride given in Table III 
were obtained in a series of five consecutive runs. Other series with hquid 
sodium chloride, although not seriously aflecting the average, showed rather 
erratic deviations. Similarly, less satisfactory results were obtained when using 
liquid potassium chloride 'v^dth lead at 970® c. in graphite, stainless iron, and leaded 
mild steel vessels. The deviations may be connected with surface action in 

TABLE III 

The System Aluminium-Sodium Chloride (liquid) 

Ciraphite vessel; capillar}^ of nommal bore 0*343 mm., length 5 mm. 


Time 

(hr.i 

Temp. 

® c. 

Aluminium 

(mg-) 

Total NaCl 
, (g.) 

Mole ratio 
Al/NaCl* 

3 

970 

44-8 

1*072 

0*0995 


960 

21*8 

0*496 

0*1052 

2 

970 

15-0 

0-345 1 

0*1040 

2 

970 

15-8 

0*337 

0*1131 

2 

970 

12*4 

1 0*288 ' 

0*1031 



Mean value adopted = 

0*1050 


* This refers to salt distilled by direct evaporation only. 


the capillaries, since higher results were obtained with a mild steel vessel (wetted 
by both liquid lead and liquid salt) than with either the oxidised stainless steel 
vessel (wetted only by salt) or the graphite vessel (wetted only by salt, and 
in addition able to absorb appreciable amounts of liquid salt). 

The direct measurements of the equilibrium constant for reaction (i) gave 
satisfactorily reproducible results, shown in Table V, 
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The System Lead-Mximiniiim-Aluminiimi Fluoride.—Nine experiments on 
the eqnilibrinm between aluminium and aluminium trifluoride, using lead as 
comparison substance, were carried out at 920® c. in a graphite vessel. About 
0*200 g. of aluminium trifluoride distilled in 2 hr., the average weight ratio 

TABLE TV 

The System Aluminium-Potassium Chloride (solid) 

Graphite vessel, temperature 750® c. Capillary 3*5 mm.; nominal bore X 12*5 mm. 

Time (hr.) Aluminium (mg.) Total KCl (g.) 1 Mole ratio Al/KCl * 


2 

4’75 

0*841 

0*0158 

2 

5-8 

0*960 

o*oi68 

2 

4-3 

0*680 

0*0178 



Mean value adopted = 

o*oi68 


’ This refers to salt distilled by direct evaporation only. 


Al/Pb being 1*49, with a standard deviation of 0*13. The average ratio of the 
weight of trifluoride distilled by direct evaporation to that of lead was 2*38, 
the standard de'vuation being 0*12. 


TABLE V 

The System Aluminium-Aluminium Trichloride (gas) 


Aluminium 

distilled 

(mg.) 

Pressure 
mm. (Hg) 

Temperature 

°c. 

a% , 

9 


99-5 

26*3 

1005 

1 

25*2 

15-0 

20,150 

43-4 

22*4 

9S5 

21*2 ' 

6*1 

20,890 

57-9 

28*2 

976 

22*7 ‘ 

12*1 

18,560 

55-8 

i6*6 

996 

25*0 

5-8 

21,870 

75-9 

14*8 

1005 

28*0 

7-4 

21,940 

30*8 

12-0 

952 

25-4 

3-2 

19,940 

29*6 

15-3 

965 

19-3 

2*2 

21,810 


a is the fraction of aluminium trichloride converted to monochloiide; m is the quantity 

• 14 . ( 76 o)»AV ^ . . 

^ - and IS equal to - —^p being in mm. 


Discussion 

For comparing the results with each other and with previous values, the 
thennodjmainic data and formulae shown in Table VI were used. 

A. The Lead-Potassium Chloride System.—Reliable vapour pressure 
measurements on potassium chloride were carried out by Fiock and 
Rodebush and by Niwa,^® Our own experiments were carried out at a 
temperature between the temperatures used by these two investigators. 
Vapour pressure measurements of lead at about the same temperature as 
our own were carried out by Egerton^® and Fischer.^^ If the heat of 
evaporation of lead at 25° c. is calculated with their data one obtains 

ICeUey.* Using the vapour pressure data of Niwa, J, Ch&n, Soc., Japan, 1938, 
.59^ the free energy of evaporation is less by i77o-i*36r, 

Fischer, Festsch. Tech. Hochschide Breslau, 1935, 172. 

*• Fiock and Rodebush, /, Amer, Chem, Soc., 1926, 48, 2522. 

Egerton, Proc. Roy Soc. A, 1923,103, 469, 
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TABLE VI 
Thermodynamic Data 


Substance 

A rro 5298 

degree 

Cp cal./degree 

Other data 

Al(polni 

0 6-75» 

4*80 3*22 io*®r^ 

Xm = 2550 cal.® 

Aluquid • Cp = 7*00* 

M.p. = 931-7° K. 

AlClarwUd 

— 167,900® 


X(8abL) = 28,848 cal.* 
D(AljCle=2AlCl3)== 
29,000* 

AlCl3(g»8 

- 138,575 74-63* 

7-94 + Ctu,.*- 

I = 370*10“*® g. cm.* + 

AlFatsoHa. 

— 329,000^® 12*511 

18*58 -f 560-0 X io'®r 
— 179*0 )c 10®. r“21* 


NaCl( 4 o}Ki 

— 98,3301® i 7 - 3 « 

10*79 4*20 X io*®r* 

= 7220 cal.® 

NaCljigtiid • Cp^^i ^ 9^ 
M.p. = 1073® K. 

KClt,,K. 

— 104,361“ I9-76® 

10*93 3*7^ '' io“*r* 


Natfc. 

25.950’ 36-72’ 

4*97 



21,520“^ 38*30® 

4*97 


AlCl 

— 54-18’ 

6*95 + 


AIF 

— 51-55’ 

6-95 4- Crxh.^* 


NaC1(Ba]id 

j ^ ^erap = 56,960 — 
56,960 ™ 

52*32r -f 2*10 X io’'®r* 4- 4*i 2T log rv* 

I'jgT — 2*10 X j 

hr aCl(l*(,i,if 

A G„ap, = 52,800 -1- 15*9 T log r — 8i*89r\ • 
-dHeyap, = 52,800 — 6*9 r / 


KCl(goiic» 

4 G«ap. = 53.770 - 
AHm.,. = 33,770 — 

5i-85r + 1*88 X io-*r* '< 
1-93 T — 1-88 X lO-ir® 

4-44 r log ry 


1* AOfmjf, = 45 # 75 ® — 

,2. = 47»®20 ■— 

36*59 T 4- 4-21 T log T’ 
39*11 T 4 - 4'8o T log 



® Kelley, U.S. Bur, Mines Bull., 434. 

* Kelley, U.S. Bur. Mines Bull., 371, 

* Kelley, U.S. Bur. Mines Bull., 393. 

« Roth and Biichner, Z. Elektrochem., 1934, 4®. S9. 

’ Kelley, U.S. Bur. Mines Bull., 383, 

® Calculated from Fischer, Z. anorg. Chem., 1931 200, 332. 

® Calculated from Sackur-Tetrode formula. 

Rossini and Bichowsk3% The Thermochemistry of Chemical Substances (New York, 
1936). 

Estimated from similar molecules and the vapour pressure constant of Ruff and 
Le Boucher, Z. anorg. Chem., 1934, 37^- 

After Pearson and Waddington, Faraday Soc. Discussions, I947» *1 3o8. 

«= 481 cm.“i, /= iid'io*"^® g. cm.* Herzberg, Molecular Spectra and Molecular 
Structure, Diatomic Molecules (New York, 1939), p. 483. 

^® w =8 i 5 cm,*i, Rochester, Physic, Rev., 1939, 56, 304. J = 53'5.io**® g. cm.® 
The interatomic distance was estimated from MgF and SiF, and AlCl. 

Kelley.* Using Niwa's data the free energy of evaporation is less by 1760—2*3or. 

* This has been calculated assuming «= 200 (3) and w = 500 (3). The values 
for the frequencies have been arrived at by comparing similar molecules. 

t ?== The known values for J* of all molecules of the t3Tpe AClg (or AFj) 

lie on str^ght lines when plotted against the atomic weight of the central atom, ts is 
assumed to be 3, 
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46,360 cal. and 46,615 cal. respectively. According to whether the potassium 
chloride vapour pressures of Fiock and Rodebush or Niwa are accepted, 
the heat of evaporation of lead arrived at from our own experiments is 
46,470 or 47,060 cal. This agreement must be considered very satisfactory. 

B. The Aluminium-Sodium Chloride (Solid) System.— Using the 
experimental values of the equilibrium constant for reaction fi) together 
with entropy data in Table VI, it is easily shown that reaction (3) 
contributes only a negligible amount (less thano*i %) of the distilled alumin¬ 
ium in each series with sodium or potassium chloride; it is, therefore, 
neglected in all the calculations. Tai^g the mean value for the standard 
free energy of evaporation of the sodium chloride derived from Fiock and 
Rodebush and Niwa, and the values of Tables II and VI, the standard heat 
of formation of aluminium monochloride is — 11,330 cal. The 

uncertainty brought about by the difference in the vapour pressure data 
for sodium chloride is ± 180 cal. 

G. The Aluminium-Sodium Chloride (Liquid) System.— Taking 
Fiock and Rodebush’s vapour pressure data (which cover our experimental 
temperature) and the values of Table VI for the other data, we find for 
aluminium monochloride = — 12,120 cal. 

D. The Aluminium-Potassium Chloride (Solid) System.— Taking 

Fiock and Rodebush’s vapour pressure data for potassium chloride and 
other data from Table VI, = ■“ ^^>790 Th® weighted mean 

of all three determinations for AH^^^b — 11*58 kcal. Taking the heat 
of dissociation of chlorine = 56*9 kcal.^® and the heat of evaporation 
of aluminium as 77‘io kcal. ,20 one arrives at 5-06 ev. for the dissociation 
energy of aluminium monochloride. 

E. The Lead-Aluminium-Aluminium Trifluoride System. —Com¬ 
bining the average of the free energ}’' of evaporation of lead obtained from 
Kelley ’ and Fischer with our own experimental data, one obtains a 
vapour pressure for aluminium trifluoride at 1193® k. of 2*43 mm. if the 
vapour is monomeric, and of 1-23 mm. if it is dimeric. These values are in 
good agreement with the value of 1*48 mm. derived from Narishin's 
measurements. Narishin's values, determined in the temperature range 
from 1023® K. to 1270® K., are compatible with the measurements of Ruff 
and Le Boucher ^ and Olbrich ^ (both in the temperature range 1370°- 
1550® K. and using the same method), if it is assumed that the vapour is 
dimeric at lower temperatures and begins to dissociate at about 1150® k. 
Taking the average of Kelley's and Fischer's vapour pressure formulae, 
the data of Table VI, and the measured ratio of aluminium to lead, the 
standard heat of formation of aluminium monofluoride is — 49,720 cal. 
The lower value for the heat of formation of the trifluoride estimated by 
Roth (236 kcal. for AIF3 gas) w^ould reduce this by about 6 kcal. An 
error of 5 units in our estimated entropy of AlFg scm would involve a change 
of only 2 kcal. Taking Gaydon's^s value for the dissociation energy of 
F, (2*2 ev.) one arrives at 7 ev. for the dissociation energy of aluminium 
monofluoride. 


Eucken, MeiaUwirft 1936, 15, 63. 

*i Narishin, J. Physic. Chem. V.R.S.S., 1939. *3, 528 ; A.C.S. Abst,., 1940, 37 1237. 
® Rufi and Le Boucher, Z. miorg, Chem., 1934, aig. 376. 

•* Olbrich in Gmelin's Handbuch der anorg. CfUmie (Aluminium B.I.). p. 160. 

•* Roth, Ber. B, 1937, 7 ®. 48* 

** Gaydon DtssocuUton Energies and Spectra of Diatomic ^lolecules (London 947). 
p. 208. 
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F. The Aluminium-Aluminium Trichloride System.—^The free 
energy at 1250® K. for reaction (i) found from the experiments is + 20,740 
cal. Using the found value for the heat of formation of aluminium 
monochloride and the values of Table VI, we obtain AG = 92,940 — 6i*2or 
for the free energy of reaction (i) in the region of 1250° K. This gives a 
value of + 16,620 cal. for This agreement must be considered 

very satisfactory, since the difference can easily be accounted for by the 
uncertainty in the thermochemical data, and especially in the entropy of 
AICI3. It is, however, possible that equilibrium for reaction (i) was not quite 
reached. 

We are indebted to the Directors of Messrs. International Alloys Ltd., 
on whose behalf the investigation was carried out at this Institute, for 
their consistent support and for permission to publish these results. We 
are very grateful to Mrs. M. P. Campbell and Mr. J. A. McBain for invaluable 
assistance throughout the investigation, and to our colleague Mr. E. A. 
Brandes for making the alumina ware for this work. 

Summary 

A simple method of determining vapour or reaction pressures by comparing them with 
a known equilibrium pressure, such as a vapour pressure, is described. The reliability 
of the method was established by comparing the vapour pressures of lead and potassium 
chloride. 

The method was used to determine the reaction pressures of A 1 + NaCl = Na(u) -f- 
AlCl(t;) and A 1 + KCl = K(t;) -f AlCl(u). From these pressures and the entropy of 
AlCl, obtained from spectroscopic data, the heat of formation of AlCl was derived 
AHis&=^ — 11*58 kcal.). 

Some experiments were carried out by the same method to determine the reaction 
pressure of 2A1(/) -f AlFg = 3AlF(u), and to derive from it the heat of formation of 
AIF(^H&8= - 49 kcal.)- 

The equilibrium of the reaction 2A1(/) 4- AlCl® = 3AlCl was determined directly by 
a transference method and satisfactory agreement between calculated and experimentai 
values found. 

Fulmer Research Institute, 

Stoke Pages, Bucks. 


THE REDUCTION OF ZINC SULPHIDE BY IRON UNDER 
REDUCED PRESSURE 

By P. Gross and Mrs. M. Warrington 
Received jth July, 1948 

The direct reduction of zinc sulphide by iron was proposed some tune ago 
and more recently has been the subject of a careful thermodjmamic investiga¬ 
tion by Kelley.^ Hitherto the equilibrium considered has been that between 
a liquid phase containing zinc sulphide, iron and iron sulphide, and a vapour 
phase consisting essentially of zinc vapour under i atm. pressure. In order 
to displace the equilibrium in the liquid phase far enough, rather high 
temperatures axe necessary. 

If the temperature of the system is, however, reduced below the eutectic 
temperature (1188® c.) of the zinc sulphide-iron sulphide S3^tem, the 

^ KeUey, C 7 .S. Bur, yiines Bull., 1937, 406. Further reference cited there, and 
numerous patents. 
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reaction system becomes essentially monovariant and the reaction according to 
ZnS^soUd) + Fe(y) = FeS(j8) + Zn^vap.) - • (i) 

win proceed practically to completion at reduced pressure. 

If the values for the free energy of formation of the two sulphides (based 
on thermochemical data and directly measured entropies) adopted by 
Kelley are combined with the vapour pressure formula of zinc, the free 
energy of reaction (i) in the relevant temperature range from 900° to iioo’^ c. 
is given by 

AG ^ = 48,500 - 34-5or , ( a ) 

The thermochemical values are, however, not in very good agreement with 
the free energy of the formation of zinc sulphide as derived either from 
measurements of the solubility of zinc sulphide at room temperature, or with 
the experimental determination of the equilibrium ^ of ZnS + Hg = Zn^iquid) 
-t- HgS. Similar, but minor, deviations are also found for the equilibrium * 
of FeS(j8) + Hg = Fe(a) + Hg. All these latter investigations tend to 
suggest a higher value for the free energy of reaction (i), a weighted mean 
of which w’ould give 

= 55.000 — 34 * 50 ^ ... ( 6 ) 

In the second column of Table I the temperatures are given at which, 
according to eqn, {a) and (6) respectively, the pressure of reaction (i) would 
equal the values of i, 10 and 100 mm. 


TABLE I 


In order to obtain some informa¬ 
tion on the rate of the reaction at 
the temperatures concerned (below 
1000® c), cylindrical briquettes 
(i"^ diam, weight approximately 
30 g) of a fine powder of zinc 
sulphide (passing 100 mesh) and 
either fine or coarse iron powder 
were pressed, and heated inside the 
mild steel heating tube of a vacuum 
induction furnace (residual pres¬ 
sure 0*1 mm.) at temperatures 
var3dng from 920® to 1000® c., for 
times from J to 2 hr., the time to 
reach the temperature being kept 
constant at 20 min. Two samples 
of zinc sulphide were used, an 
ore concentrate containing 79-5 % 

^ zinc sulphide and a commercial 

(symnetic) product containing 97*7 % zinc sulphide. The distilled zinc was 
condensed on a tagger and weighed. The results vdth each of the sulphides or 
iron powders did not differ materially, and showed that conversion could be 
regarded as complete after i to 3 hr., according to the temperature For instance, 
m a series of 1^ c^ed out at 940^ c., 33, 83*5 and 97-3 % of the total available 
+disinled after o ^heating period), 2 and 3 hr., and it was further found 
that the reaction was completed in between 45 and 60 min. at 1000® c. 

^It was, however, noticed that the loss of weight of the briquette was always 
greater toM the weight of zinc obtained, this being ascribed to evaporation of 
sulphide and subsequent reaction of the vapour with the iron heating- 

The vapour pressure of zinc sulphide in the temperature range between 765® 
and 1223® c, has been found ® to be given by log p{mm.) ^ 4. 9-495. 


Pza 

mm. Hsr 


/® c 

PzdS> 

mm He 

I 

1 

' a 

“40 
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1 lu. I.—Longitudinal section of iron wire, i mm. diam., after attack by saturated ZnS 

vapour lor I hr. (x 50). 
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For comparison, the vapour pressure of zinc sulphide is included in Table I 
(Column 3). Although it is much smaller than lie pressure of reaction (i) if 
either of the eqn. {a) or (d) is used, appreciable evaporation may occur if the 
rate of evaporation greatly exceeds the rate of reaction, especially near the end 
of reaction. 


The equilibrium of the exothermic reaction 

ZnS(vap.) + Fe(y) = FeS(P) -j- Zr^yap.) • • • (2) 

can be calculated from Veselovskii’s equation and either (a) or (&). The equi¬ 
librium constant of (2), so obtained is i-o x io“* (a) and 17 x lo"* (6) 

and 1*8 x io“* {a) and 2-3 x lo”* (&) at 900® and 1000® c. respectively, i.e., 
effectively total conversion of zinc sulphide vapour into zinc occurs at these tem¬ 
peratures. Because of the solubility of iron sulphide in iron, the conversion will 
go even nearer to completion than indicated by fhese figures. Any noticeable con¬ 
tamination of the distillate by zinc sulphide can be avoided by controlling the 
condenser temperature carefully and filtering the vapour (as suggested for other 
purposes by Kelley), since the ratio zinc sulphide to zinc at the condensation 
temperature of zinc is only of the order of io“i* to io~^^ dependent on the 
evaporation temperature of zinc sulphide (900® and 1000® c. respectively). 

In order to obtain qualitative information on the rate of reaction between 
zinc sulphide vapour and iron, experiments were carried out in which zinc 
sulphide, contained in a small fireclay boat, was evaporated in the same furnace 
as previously, the iron heater tube being provided with a silica lining. The 
zinc sulphide vapour was passed over iron wire or gauze. Keeping the tempera¬ 
ture at 1000® c., about 6 g. of zinc were distilled per hour. Only iiiat part of the 
wire or gauze near the zinc sulphide boat was visibly attacked by the vapour. 
The rate can be estimated from Fig. i, which shows the depth (about o*i mm.) 
to which the iron sulphide had penetrated into the iron wire by the reaction. 

A t3rpical analysis of the distillate obtained from the ore was Pb o*ii %, 
Cd O'Oii %, and the remainder zinc. 

Our thanks are due to the Directors of Messrs. High Duty Alloys Ltd., 
in whose laboratory this work was carried out during 1944, for their interest 
and for permission to publish these results. We are also grateful to Mr. S. 
Dilnot for his helpful co-operation. 


Summary 

Thermodynamic data show that the reaction between ZnS(«dud) and Fe(y) at 
reduced pressure {p ^10 mm. mercury) occurs below 1000® c. E^eriments show the 
rate at this temperature to be sufficient. Thermodynamic data show the ratio of 
ZnSvap. to Zutop. in contact with iron at 9oo®-iooo® c. to be very small, and 
experiments show that the rate of the exothermic reaction between ZnS^. and 
Fe(y) is sufficiently high. 


Fulmer Research Institute, 
Stoke Pages, 

Bucks. 


GENERAL DISCUSSION 

Dr. P. D. Richardson and Mr. J. H. E. Jeffes (B./.S.!?..!., London) {partly 
communicated) : With reference to the paper by Prof. Dannatt and Dr. EUingham, 
it is of interest to consider what justification there is for plotting AG® for various 
reactions against T as straight lines, since neither A 5 ® nor AH® is independent 
of temperature. Firstly, of course, it is well known that AS® and AH® do not 
change greatly with temperature except at the phase-change points. Secondly, 
the changes in both AH® and AS®, which arise from variations in the specific 
heats of reactants and resultants, affect the free-energy changes in such a manner 
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as nearly to compensate. This is illustrated by the following figures for the 
three most accurateh’ studied of the reactions shown-— 


Reaction lemp. AH'- AS® AS® AG°S(AG®) 

° c. 

From full equations From straight line plots 



( 2H_.U 

0 

- 115*5 

— 21*7 

— 109*9 — ii8*i 

-26-7 

— 110*6 

1- 0*7 



“2 “ 

- 

- 26*4 

— 92*1 — ii8*i 

- 26-7 

- 91*4 

- 0*7 


U , — 2C(b 

172“ 

— 120*^ 

— 28*1 

-- 64*5 — Ii8*i 

— 26*7 

-64-5 

0*0 

0 

- 135 -^ 

- 4 i ‘5 

- 123*6 — 135*1 

-41*5 

— 123*6 

0*0 



727 

- I 35 -I 

-“ 4 I -7 

- 93*4 - ^ 35*1 

- 41*5 

— 93*6 4 - 0-2 

2C - 

0. 2CO 

172- 

- 132*7 

— 40*1 

- 52*4 - 135*1 

- 41*5 

— 52*2 

— 0*2 

0 

- 52*9 

4^*2 

- 64*4 - 53'4 

-L 41*8 

“ 65*0 

4- 0*6 



727 

- 53*4 

•r 42-5 

- 95-9 - 53-4 

4-41-8 

- 95*2 

- 0*7 



1727 


- 39*0 

- 136'5 - 53-4 

- 4 - 4^*8 

- ^ 37*1 

-f 0*6 


vAH® and A<^® in kcal., AS® in cal./degree.) 


This bhow-s the values of A//°, AS^ and AG'^ as calculated from the well-established 
equations which give slightly cur\'ed plots and the corresponding values given by 
straight line plots. It is to be noted that although the straight line plots make 
it impossible to obtain accurate values of AS® and AH® by means of "tangents and 
intercepts, and give only mean values for each over the range o° to 2000° c., 
the errors in AG® caused by their use axe very small indeed. Except in the 
cases of -these three reactions they are much less than the absolute limits of 
accuracy of the measurements on which the lines axe based. Within these limits, 
therefore, the free energy equations may be written in -the form AG® = x — Ty. 
The complete free-energ^’^ equations frequen-tly cited consist of a large number 
of almost completely compensating terms, which in general go fax beyond the 
probable accuracy of the data used, and axe therefore quite unnecessary'. 

Dr. O. Kubaschewski [Teddiiigion) said : I believe that diagrams of the kind 
shown in the paper by Dannatt and Ellmgham give a better representation of 
free energy' values than do formube derived without simplification from heats of 
forma-tion, entropies and heat capacities. Such formulse mav contain up to six 
terms and are unduly cumbersome. They may also give a'false impression of 
their accuracy, which is seldom within 1000 cal. It is w'ell w’orth repeating the 
suggestion that the temperature dependence of free energies should be repre¬ 
sented either as in Dr. EUingham's papers or as simple formulae of the "type 
AGr = AH' 4- IT, or iavohing a constant AC^ term, AGy = AH' + aT log T -f 
/r. This calls for more work on the part of the critical evaluator but would 
facilitate the application of the data. 

Dannatt and ElHngham's diagrams and data doubtless represent a valuable 
pmmary of earlier -work on the thermodynamics of metallic compounds. There 
IS only one statement w'hich may be a little misleading and which is of some 
practical interest nowadays. The free-energy curve given for ti-fcanium dioxide 
is correct so as we can tell from the basic data. But there axe lower oxidation 
st^s of titanium in which the oxygen is bound more strongly, viz„Tit08 and 
TiO. Taking this into consideration the AG curve for titanium should be placed 
much lower and far below that of AlaO, in the neighbourhood of that of MgO. 
Even in the fonna.tion of titanium-aluminium alloys the reduction of titaniuni 
oxide -with aluminium would not lead *to alloys containing more than a few % 
titanium. In pracl^e, and from thermodynamical calculation, the halides of 
titonium arc more likely to be reduced (even by hydrogen) than are the oxides. 
w<ffk carried out at the Na-tionai Physical Laboratory shows that there is very 
little ch^ce of dimet reduction of -titanium oxides, while experimental measure- 
xnente of equilibria with -the halides and hydrogen indicate a considerable yield 
of titanium at temperatures of 1100^-1250® c. 

Unf^nately the thennochemical %^ues of the metals of the titanium 
vanadium and chromium group are rather scarce. Any future thermochemical 

i Fink, van Horn and Budge, Trans, Amer, JnsL Min, Met, Eng., 1931, 93, 421. 
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measurement'5 on these elements and their compounds will be most useful to 
motallu^gJ^ 

Mr. E. F. Emley * [Manchester) [comm%tnicated) : In connection -with the free- 
energy chart for metallic oxides given in Prof. Dannatt and Dr. Ellingham*s 
paj^r, I would like to ask whether the chart is intended to cover all metals for 
which information is available, or whether there may be further data available 
in the case of those alkali and alkaline earth metals which are not included in 
the chart. 

A knowledge of the order of the electropotentials of the alkali and alkaline 
earth metals in their oxides would be of considerable interest to the magnesium 
industry. Ruff and Busch * infer that the order is the same as that in the fluorides 
so far as Li, Mg, Ca and Ba are concerned. This would place these elements in 
descending order of electropotential as follows : Ca, Li, Ba and Mg, an order 
which does not accord entirely with our o^vn experience. The fluoride electro¬ 
motive series, based on some magnesium reduction experiments of Busch * and 
our own personal experience, appears to begin (in descending order): Ca, Li, 
Ba, (A 1 ?), Mg, Ce, Na, K, Be, thus representing a reversal of the usual order so 
far as Mg, Na and K are concerned. The order given for the fluorides involves 
the assumption that the alkali metals are associated in molten magnesium, as 
was found to be the case in molten tin, antimony and bismuth * : otherwise the 
order would begin Li, Ca, Ba. The order of heat content at room temperature 
of the fluorides t is Li, (Ca, Sr), Ba, Na, K, (Ce,: Mg), Al. Unfortunately, 

the entropies of most fluorides in the standard states are inadequately known 
and high-temperature data are incomplete, so that a rough calculation of the 
free-energy order of the molten fluorides is not easy. If the entropies are 
estimated by semi-empirical methods,* the order obtained is not materially 
altered. 

Comparing this series for heat content with the observed electropotential order 
given above, it seems possible that since magnesium is out of step,** the 
entropy of MgFa may be considerably greater than would be expected from the 
semi-empirical estimates. Even with the **expected ** figure, however, it appears 
probable that the free energj’'-temperature curves for MgFg and KF will cross 
below the melting point of KF. 

The position of Al is interesting. Although the reduction of AlFg by Mg would 
be expected, AIF3 can, nevertheless, be safely employed in fluoride welding 
fluxes for magnesium alloys, * even for alloys in which small amounts of Al are 
harmful. There is no doubt that the AlFg dissolves in the flux, and since the MgFg 
formed by reaction would also dissolve in the flux, there seems no reason why 
the reaction should **block** on “ diffusional** grounds. Is it possible that 
AlFa does not dissociate to an appreciable extent in fluoride melts §; is the 
entropy of AIF3 unexpectedly high ; or is there some other explanation of the 
apparent inertness of AIF3 to magnesium ? Compound formation with one of 
the other fluorides present in the flux (LiF, MgFa or SrF*) might be a possibility, 
but it ma}’’ be noted that with even such a well-defined compound as cryolite 
the NaF is readily reduced by Mg leaving AIF3, despite the very high heat of 


® Rufl and Busch, Z. anorg, Chem,, 1925, 146, 87. 

® Jellinek and Wolff. Z. anorg. Chem., 1925, 146, 329. 

^ Wenner, Thermochemical Calculations (New York, 1941), 176; Treadwell and 
Mauderli, Helv, chim. Acta, 1944, 27, 567. 

* Brit. Pat. 597,206. 


* Metallurgist, Magnesium Elektron Limited. 

t Unless otherwise stated, the figures have been taken from Bichowski and Rossini’s 
Thermochemistry of Chemical Substances (New York, 1936). Elements lying particu¬ 
larly close together are shown in brackets. 

X The heat content of cerium fluoride has been assumed to be the sum of the heat 
contents of its ions in the aqueous state. This is probably justifiable, as the heat of 
solution of CeFa is unlikely to exceed about 1000 cal. 

§ In this connection, it is interesting to note that MgFo is apparently undissociated 

in fluoride melts (Gnibe, op, cit.). 
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formation of crj-olite. Formation of a complex ion, NaFg” ", does however prevent 
Na being electrolysed before Mg in fluoride melts containing NaF.* 

It is interesting to compare the electromotive series in the molten chlorides 
with that in molten fluorides. The order of heat content of the aqueous cMorides 
at infinite dilution is Li (Sr, Ca), Ba, K, Na, (Mg, Ce), Be, Al, i.e., the 

^ame as that of the aqueous fluorides,* If the heats of solution (Qs) are added f 
to the values of to give the order of the heat contents of the anhydrous 

salts, it is found that in the case of the fluorides the only change in the series is 
to reverse Na and K, thus giving the order quoted above for both the heat 
contents (AHJ®®) and the estimated free energies at room temperature of 
the anhydrous fluorides. Addition of the corresponding heats of solution to the 
values for the chlorides completely alters the order of the elements, 
because the heats of solution vary considerably both in magnitude and in sign, 
giving the order (K, Ba), (Sr, Na, Li), Ca, Ce, Mg, (Be, Al). This is in general 
agreement with t^t inferred for the molten salts from published data on decom¬ 
position potentials and magnesium reduction experiments,^ namely (Ba, K), 
tSr, Li, Na), Ca, (Ce, Mg), Be, Al, although the interpretation of the reduction 
experiments is complicated by uncertainty as to the state of association of the 
al^li metals in magnesium. 

Except then for Ihe apparent anomalies shown by Mg and Al, the diflerences 
between the electromotive series in molten chlorides and fluorides appear attri¬ 
butable as a first approximation to the varying heats of solution of the salts. J 
If the published values of AH?®® are compared "with the ** calculated ** values 
given by the expression A^\) + A^^^ + GsOia) for the chlorides of Li, Na, 
K, Ca, Sr, Ba, Mg, Ce, La, Be and Al, the differences amount merely to 
a few hundred calories in each case, except in that of Ce where the difference is 
nearly 9000 cal. The value of —252,500 cal. obtained by the above expression 
accoi^s however with both the pubhshed and calculated ** values for LaClg 
(namely, —253,100 and —253,650 respectively). For these reasons, and also 
from the obser\'ed closeness of Ce to Mg in the electromotive series for molten 
chlorides, it seems very probable that the published figure of —261 500 cal. 
for AH”® of CeClg is incorrect. 

A knowledge of the positions of magnesium in the oxide, fluonde and chloride 
electromotive series is of great practical importance, since these positions govern 
the practicability of introducing various elements into magnesium alloys and of 
removing impurities by fluxing methods. By way of example, the introduction 
of zirconium into magnesium may be considered. As the metal powder is expen¬ 
sive and highly inflammable, it is natural to consider the possibility of alloying 
by a reducible zirconium compound. The oxide is a refractory substance, and the 
cMoride and its double salts with the alkali metal chlorides are volatile and 
readily hydrolysed. One is tempted therefore to try the fluoride. This is a solid 
substance, i^ough somewhat volatile, and with it zirconium can be introduced 
under certain conditions by prolonged stirring at 920^-950® c. To enable the 
reaction to proceed readily at reasonable temperatures, some solvent for the 
ZrF* is clearly required. If KF, forming the double salt KjZrFg melting about 
840® c., is used, the magnesium will reduce the KF explosively. The use of liF, 
though quite safe, is of course impracticable for economic reasons. 

We have made the curious disco^"ery that any chloride will apparently suppress 
the violent reaction of KF with magnesium, and I wonder if anyone can teU us 
why this should be so. The effect is evidently not one of dilution, since equal 


• Grabe, Z. EUkirochtm.^ 1927» 33 , 481. 

^ Grambi and Bevoto, Goar. ch%m. 1927, 57, 836; Jellinek and Czerinuski, 
Z. phyHh. Ckem., 1924, no, 192; Z. anorg, Chem., 1924, 139, 233. 

* Where ^ insoluble ” substances are concerned, the sum of the heat contents of the 
component ions at infinite dilution has been taken. 

t Snbfeactixig ffie increase in heat content on solution (—(?#) is equivalent to adding 
the heat of solution. \ & 

{ The prechction^ that differences would arise between the fluoride and chloride 
elecbnc^t^tiai senes because of the varying heats of solution of the chlorides was 
made by Jessup m 1919. 
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dilution with LiF viill not prevent violent reaction. Neither is it due to inter¬ 
change of radicals, since KCl itself will work. X-ray examination of a fused melt 
of KCl and KF failed to show any lines other than those of these substances, so 
that compound formation appears to be ruled out. In the presence of KQ, very 
little reduction of the KF by the magnesium occurs, but the resulting alloy may 
contain suf&cient potassium, though less than o*ooi %, to render it unsuitable 
for certain purposes. If BaCl2 is substituted for KCl, the KF will react with the 
BaCl* to give some BaF* which will be appreciably reduced by magnesium, and 
the resulting alloy containing up to 0*07 % Ba will be unsuitable for sand casting. 
The alternative use of NaCl has similar disadvantages. If MgClg is substituted 
for KCl on the grounds that it should remove the traces of potassium or barium 
mentioned above, it is found that the MgCl* reacts violently with the ZrF^ to 
give ZrCl4 which is rapidly lost by volatilisation! 

I hope that this indication of the t3^e of problem with which the magnesium 
industry deals will show the need for an accurate knowledge of the order ol 
electropotential of the alkali and alkaline earth metals in their reducible salts. 
What are clearly needed are diagrams for chlorides and fluorides similar to the 
excellent one given by Prof. Dannatt and Dr. EUingham, and in this connection 
I would like to echo the opinion expressed by several speakers that a diagram 
giving the free energy (jR Jin/)) plotted against temperature is the most practically 
convenient way of representmg free-energy data. I do hope that someone may 
feel encouraged to undertake this work, and in particular the determination of 
the entropies of the fluorides. These are imperfectly known, and the need for 
this information was mentioned to me after the Discussion by two members 
working in different fields. 

One feature of the Debye-Hiickel theory of strong electrol3rtes is, I believe, that 
it enables activity coefi&cients to be calculated approximately in terms of the 
dielectric constant of the solvent and the ionic strength. Perhaps Dr. Richardson 
or Dr. Bockris would indicate whether work has been done to compare the 
observed activity coefi&cients in slags with those calculated from various 

models,” and if not, whether such work might perhaps give useful information 
on the average distribution of ionic charges in slags. 

Dr. J. O’M. Bockris (Londm^) (communicated ): It has been shown ® b> 
application of a similar treatment to Debye and Huckel^s for dilute solutions 
of aqueous electrolytes to a dilute solution of one molten salt in another that such 
systems are ideal at limiting concentrations. Calculations concerning interionic 
attractions in systems of ionic melts would be particularly complicated because 
(i) the dielectric constant (the published values of which are rather doubtful) 
are probably low compared witii that of water; (ii) the ions are much closer 
together than in aqueous solutions. Both these, and other, effects render some 
approximations made in the theory of interionic attractions for dilute aqueous 
solutions quite inapplicable to ionic melts and the resulting mathematical 
difficulties are very considerable. Ion-ion induction and dispersion forces would 
be much more important in liquid salt systems, too, though negligible in dilute 
aqueous solution. An intrinsic difficulty concerning the reference state for 
individual ionic activities in liquid salts has been discussed by Temkin.® 

Dr. F. G. Frary (New Kensington, Pa) said : Dannatt and EUingham repeat 
the usual equation for the net result of the electrolysis of Al^Oa, showing the 
production of CO at the anode. Analysis of the anode gas, however, shows it 
generally to contain at least 60 % of CO*. Taking into consideration the ver^* 
considerable opportunity which the gas has had for contact with incandescent 
carbon floating on the molten cryolite bath, and with the anodes themselves, 
it would appear that the gas as produced must have been mostly CO,, and the 
reaction on which the decomposition voltage is calculated should be 

^AljO, + 3C = 4AI + 3^^*- 

® Gross, Z. anorg. Chem,, 1926, 150, 339. 

® Temldn, Acta Phys%cochim„ 1945, ao, 41 r. 
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Mr. J. A. S. Mowat {Cambridge) said: Plotnikov and Razumov i® report that 
it is possible to reduce oxides of iron with hydrogen and CO at room temperature 
in the presence of a high-frequency electromagnetic field. 

Dr. Herasymenko has kindly translated the paper for me, and the main points 
are— 

(i) The reduction of FegOa takes place in two stages : 

(i?) FegOa is reduced to FcsO^; 

{h) FejO* is reduced to metallic iron (Fe(OH) 3 is reduced more readily 
than FeaOs). 

(ii) The maximum yield of metallic iron is 21 % from pure FegOj, but only 
5 % from iron ore. 

(lii) The reaction begins at room temperature, without heating ; the tempera¬ 
ture rises to 6o°-8o° c. because the reaction is exothermic. 

(iv) Carbon monoxide alone will not react with iron oxides, but mixtures of 
CO and vdVi reduce the oxide, and CO2 is detected in the resulting gas mixture. 

I understand that the reactions are thermodynamically possible, but would 
like to know why the alternating electromagnetic field should assist the reaction, 
and whether other metallic oxides might be reduced in the same way. 

Dr. H. J. T. Ellingham (Lmdoti) {partly communicated) : The information 
furnished by Dr. Kubaschewski on lower oxides of titanium is of great interest. 
It is recognised, moreover, that there may be other cases where lower oxides 
which are more stable over at least part of the temperature range (Dr. Welch 
has referred to SiO) may make the effective affinity of the element for oxygen 
different from that represented by the line for the oxide in the (—AG) — T 
diagram in our paper. Data for all the oxides of the various elements are required 
in order to obtain a complete picture of the scope of possible oxidation and 
reduction processes. In reply to !Mr. Emley’s question it should be stated that 
data for certain oxides not represented in the above-mentioned diagram are 
available, though in many instances they are less accurate than those for the 
oxides showTi. For oxides of the alkali and alkaline earth metals, other than 
sodium, calcium and magnesium, the figures are scanty and of doubtful 
reliability^ especially at higher temperatures, and further experimental wwk in 
this field is certainly needed. 

jMr. Emley’s plea for the provision of similar (—AG) — 2 " diagrams for chlorides 
and fluorides should be strongly supported and, in view of the importance of such 
diagrams in the elucidation of processes for the production of the light metals 
and their alloys, it might be expected that the research establishments of the 
industries concerned would undertake, or at least sponsor, the necessary free- 
energy determinations. For this purpose the electrochemical methods illus¬ 
trated in the paper by Rose, Davis and Ellingham may be largely applicable ; 
they have the advantage of yielding direcfly the required free-energy data 
over ranges of temperature in which the measurements can be made. Thus, 
for chlorides, determinations of the e.m.f. of cells of the type M|MClj;|Cl 2 
can be readily made, while for chlorides and fluorides measurements of decom¬ 
position voltage might be useful. Moreover, such methods lend themselves to 
the determination of the free ener^^ of formation of substances in mixed melts 
and can thus ser\’e for the direct investigation of such problems as have been 
mentioned by Mr. Emley in connection with the relative affinities of magnesium 
and related metals in halide systems where complex formation is likely to affect 
the normal sequence. It may well be, as Mr. Emley indicates, that in single salt 
melts the sequence of the elements in respect of free energy of formation of 
chlorides may differ from that of fluorides and that the latter may be more 
akin to that of oxides. It is clearly important to secure more data in this field. 

On the point raised by Dr. Frajy% the reference in our paper to the minimum 
voltage required for the electrolysis of a melt saturated with alumina, using 
a carbon anode, relates to the production of the CO — COg mixture in equilibrium 
with carbon at the specified temperature, and at practical operating temperatures 
this corresponds to a notable preponderance of CO, At the high current densities 

1® Acad. ScL, Ukrainian 1936, 3 (2), 153. 

“ This Discussion. 
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employed in practice, however, the proportion of CO2 will tend to be higher than 
that represented by equilibrium and the gas evolved at the anode may well be 
largely CO^. If the equation 

2AI2O8 + 3G = 4AI "f" 3GO2 

were taken as the basis of reference, the ** minimum ” voltage would be given at 
any temperature by the distance between the lines for formation of AljOj and 
of CO2, instead of between those of AlgOa and the equilibrium CO — COg mixture, 
and would therefore be somewhat higher (about o*i v. at 900° c.), but it is held 
that this would be a somewhat artificial basis to adopt. In any event, polarisation 
and resistance factors combine to make working voltages much higher than the 
minimum, which corresponds to the ideal condition of zero current density-. 

The reference to reduction of oxides of iron with hydrogen and CO in a high- 
frequency electromagnetic field, brought forward by Mr. Mowat, is of interest. 
It seems probable that the ejffect of the alternating field in assisting the reaction 
may be due to local heating effects. 

Sir Charles Goodeve (BJ,S,R.A,, London) said : Anyone coming into this 
field is faced, sooner or later, with a decision between tw'o methods of plotting 
equilibrium pressures or constants, the log p against i/T method used by 
PourbaLx and Rorive-Bout6, and the “ RT log p against T method as used by 
Dannatt and Ellingham. Each of these has its advantages and disadvantages. 
They both give plots which are wory close to straight lines, thus permitting ready 
interpolation or extrapolation and from slopes or intercepts mean value.^ of 
\H and AS can be derived. It is somewhat easier to \dsuahse a vapour pressure 
than a chemical potential or free energy, but against this, the i/T scale is 
awkward. In eveiy^ other direction, the second method scores. It is the natural 
method to follow the thermodynamic calculations by which most of the data 
are derived from observ-ations or iheory. It permits a wide range of data to be 
plotted on one diagram and at the same time gives a uniform openness of the 
scale for each range of temperature. This arises from the fact that, for a series of 
reactions of a given type, the entropy change is much the same for each, whereas 
the heat content change may vary over a very tvide range ; this could be seen if 
an attempt were made to plot the information given in Dannatt and EUingham's 
Fig. I and 2 on a log — i/T basis. Indeed, the free energy” or chemical potential 
basis brings out in a striking manner the variation in entropy changes which 
play such an important part in the development of our knowledge of the various 
states of matter. 

The cun-es of Pourbaix and Rorive-Bout^ bring out in a beautiful way the 
equilibria over a range of conditions of practical importance to those dealing 
with metals. I would like to suggest, hoAvever, that they try replotting some of 
these on the chemical potential basis which is now widely accepted as standard. 
This would have the advantage of strengthening the standard and would be 
unlikely to be less effective in bringing out the points in their paper. 

Dr. M. J. N. Pourbaix and Madame G. Rorive-Boute (Byitssels) {payily 
communicated) : As mentioned by Sir Charles Goodeve in his paper, the partial 
pressure of zinc oxide vapour over solid zinc oxide is very low, e\"en at 1200® c. 
The values given for its vapour pressure in the literature, especially those of 
Feiser, seem to be incorrect, in the sense that solid ZnO probably does not 
sitblifne, but decomposes into ox^^gen and gaseous zinc according to the reaction, 
zZnO (solid) = zZn (gas) + Oj. 

The influence of the temperature on the equilibrium constant of this reaction, 
and on the decomposition pressure (P = pzn + po^ of ZnO may be expressed 
approximately by the two relations, 

log (po, . Ph) = — 48,520/r 4- 20-90, 
aad 

log.. P = — X6.X73IT 4- 7-24. 

The equilibrium conditions for the reduction of ZnO by CO according to the 
reaction. 


ZnO (solid) + CO = Zn (gas) + COj 
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under atmospheric pressure, may be easily 3aio\vn if 'we draw on the equibbnum 
diagiam of the system Zn ~C — O (Fig 3 in oui paper, this Discussion, or 
Fig 3 here), the Ime relatmg to the two conditions 

pZxL == ^CO, 

ana 

pco ~ Pco% “r pzn. = I 3*^ 

Such a hne has been drawn in Fig 3 heie for which accordmg to the excellent 



suggestion made by Sir Charles Goode\e, we ha\e adopted RTlog^po^ and T 
as independent \ anables This Ime leads to the values for the influence of the 
temperature on the composition of the gaseous phase (Table I) 

TABLE I 


rriK) 1 

1 i(»c) 

%C 0 

% CO. 1 


12 X6 

943 

80 

1 10 

10 

1340 

1067 

60 

20 

20 

1448 

1175 

40 

30 

30 

1580 

1307 

20 

1 40 

40 

1690 

1417 

10 

45 

45 


I i 
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It is noticeable that this line intersects the i atm.-isobar at a point the abscissa 
of which is r == 1130° k. (857® c.). This signifies that, below this temperature, 
solid carbon may be formed as a stable phase according to the reaction 

2CO (gas) = C (solid) + CO* (gas). 

It is thus probable that, below 857° c., ZnO may catalyse the decomposition of 
CO according to this reaction. 



Sir Charles Goodeve has suggested that our graphical method for the study 
of complex oxidation equilibria would be advantageously modified by plotting 
RT log^^o, as a function of T, instead of log po^ as a function of x/ 2 \ In 
accordance with this valuable suggestion we have re-drawn the three equilibrium 
diagrams for the systems Zn-O, C-O and Zn-C -0 presented in our paper (Fig. i, 
2 and 3 here). We quite agree that this modified representation is, in most 
cases, better than the previous one. The isobars are somewhat more diBScult 
to draw, and it is not possible to give in a small space an overall picture of 
everything that noay happen between ordinary and very high temperatures. 
On the other hand, the use of a linear scale for temperature makes these diagrams 
more easy to utilise, and, as pointed out by Sir Charles Goodeve, the precision 
is better for the higher temperatures, which are usually of particular interest. 
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A compaxison of this method with our pre\ious one and with the ongmaJ 
method of EUmgham leads to the following statement — 

The free energy of a given oxidation reaction, per gram molecule of oxygen, 
may be expressed as foUows— 

—AG == JRT loge po^ + RT S V loge pB = —AH T TAS 
where pQ represents the partial pressures of the reactmg gases other than O* 
(i) In our ongmal method (Fig i, 2 and 3 of our paper), the equihbnum 
oxygen pressure of every possible reaction has been plotted as a function of 
i/r according to the relation 

logt»M = — 2 - 7^ — S V logio pB (i) 



The equilibrium of e\ery reaction is thus represented by a Ime, or by a group 
of panJlel hues, each of which relates to a given ^alue of the parameter 
S V The slope of the hnes measures the heat content change, AH, of 

the reaction , Imes relating to exothermic oxidation reactions use from left to 
right, the lines relatmg to endothermic reactions fall from left to right The 
intercepts of those lines with the y-axis, the parameter of which is equal to zero, 
measures the entropy change of the reactions 

(n) In the modified me&od (Fig 1, 2, 3 here) suggested by Sir Charles 
Goodeve, RT log^ ^0^ is plotted as a function of T, according to the relation 

RT log^:^ —tAH + TAS — 2-3 RT S v logjo Pb • 


(^) 
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The equilibrium conditions of every reaction are thus represented by a hne, or 
^ a group of lines, each of which relates to a given value of the parameter 
S V logio pB. For a given temperature, the tangents to all lines of a given group 
meet at a single point, situated on the y-axis, the ordinate of which measures, 
as pointed out by EUingham, the heat content change AH of the reaction; for 
exothermic oxidation reactions, the ordinate of this concurrence point is negative; 
for endothermic oxidation reactions, it is positive. The slope of those hnes, the 
parameter of which is equal to zero, measures the entropy change AS of the 
reaction. 

(iii) In EUingham’s original method, —AG is plotted against T according to 
the relation 

-AG = -AH + FAS .... (3) 

and a “ pressure correction chart is given, which represents, for different 
pressures, the influence of the temperature on the value of the function 
RT loge p. If, as has since been done by EUingham one draws on the same 
diagram, for a given reaction, the lines correspondmg to relation (3) with the 
pressure corrections for all gaseous components B other than O#, one obtains a 
group of lines the equation of which is 

RT loge po^ = —Ah + TAS — 2-3 S V log,, ps 
identical with relation (2). 

By drawing on the same diagram such lines and groups of lines for ever}’ 
reaction of practical interest which may occur in a given system, and by com¬ 
pleting this diagram with isobar lines, one obtains a figure which is exactly the 
same as figures of type 2. 

It may Qaus be said that the suggestion made by Sir Charles Goodeve leads to 
a method of representing complex equilibria, which, by combining particular 
features of both Ellingham’s and Pourbaix’s methods, may be of special interest 

Dr. H. J, T* EUingham {London) {communicated) : The comparison made by 
Dr. Pourbaix of the distinct methods employed by him and by myself for repre¬ 
senting thermodynamic data for the formation of oxides, etc., in relation to 
temperature, is of considerable interest and I welcome his acceptance of Sir Charles 
Goodeve*s suggestion that plotting RT logepo, against T is, on the whole, to be 
preferred for practical purposes. As is implied in Pourbaix’s discussion, this 
method is basically the same as my own in which —AG (or E) is plotted on T, 
and one of its principal advantages lies in the fact that the dependence on 
temperature of the driving force ” of reactions, 'whether expressed as a free 
energy (—AG), as an electromotive force {E) or as a function of a partial pressure 
of oxygen (^>o,)i is made directly ob\dous. 

It may be desirable, however, to indicate rather more precisely the significance 
of the pressure, po^ in relation to the free energy of the reaction. In the 
(—AG) —T diagrams for oxide formation in my o-wn papers the fundamental 
line for a particular reaction refers to the standard free energy, —^AG®, and thus 
represents at any temperature the driving force of the process when all of the 
participating substances (including oxygen) are at unit activity (i atm. partial 
pressure for gases that can be regarded as ideal). But, as at any given temperature 
—AG® is also equal to RT log^ H, where K is the equilibrium constant 
of the reaction at that temperature, we can write for a reaction of the t3rpe^ 
2M -j- Oj = 2MO : 

-AG® = RT loge { 0 ,L 

where {X}^ represents the activity (partial pressure) of X in any condition of 
equilibrium at the given temperature. For tiie particular case of an equilibrium 
in which (MO }^ = {M = i, i.e„ participants other than oxygen at unit activity, 

—AG" =—RT loge {O,}. = — nr loge (Po,).. 

The fundamental lines on such a diagram also represent, therefore, the variation 
'With temj^rature of the quantify RT log^po^, where po^ has this special signifi¬ 
cance, which is in fact the “ oxygen dissociation pressure ” of the oxide at any 
specified temperature. 

“ Xltk Int. Congr, Pure Appl. Chem. (London, 1947) (in press). 

7. Soc, Chem, Ind., 1944, ^ 3 * ^^5 f Baxmatt and EUingham, This Discussion. 
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If for the formation of a given oxide additional lines be added to the diagram 
to represent —AG when a participant other than oxygen, say, the element M, 
is at an activity different from unity, then at any temperature —AG will differ 
from — AG^ by the quantity 2RT logg{M}, which for a gaseous substance can 
be read directly from a correction chart showing values oi RT log^ x for various 
values of x. Moreover, if the —AG scale is written as RT log^ po,, the sigi^cance 
of po, at any temperature is now the partial pressure of oxj-gen in an equilibrium 
state in which the activity of the element is {M } but that of the other participant 
is unity. In so far as this is the significance to be attached to Po,, plotting 
RT loge po, against T is the same thing as plotting —AG against T. 

Finally, it may be noted that, in as much as botii —AH and AS for a reaction 
may vary appreciably wdth temperature, even over a range within which none 
of the pmiicipants undergoes a change of physical state, strictly straight lines 
will not be obtained either by plotting loge Po. against i/T, or by plotting —AG 
\or RT loge POt) I^ either case, therefore, evaluation of heats of reaction 

and entropy changes from the slopes and intercepts of such lines, as described 
by Pourbaix, should properly be in respect of the tangent to a line at a particular 
temperature, though such lines are commonly sensibly straight over a notable 
temperature range for reasons pointed out by Richardson and Jeffes in this 
Discussion. 

Dr. S. E. Woods (AvonmotUk) said : Roasting and reduction processes are 
often very rapid under conditions of practical metallurgical interest and this 
feature of great rapidity" ma^^ lead to difficulties of interpretation either (a) as 
lo the energ}^ levels involved, if the reaction is strongly endothermic, or \b) as 
to the location of the reaction in cases where two solid phases are involved. 
The “ proof ** that in such cases reaction must take place at the solid-solid inter¬ 
face will be familiar from a number of standard texts. The reaction mechanisms 
proposed by Anderson help to clarify both these points. 

The reduction of zinc oxide bj- carbon monoxide is a case in which the first 
tj'pe of difficulty arises. If we examine the data of Truesdale and Waring, 
taking for example their result for reduction at looo® c., and compare the reaction 
rate per unit area of briquette surface with the calculated collision rate per unit 
area, we find that a fraction 3 x lo"® of the collisions resulted in reaction. Their 
observ’ed rate requires correction in two respects, however, in order to arrive 
at an estimate of the true kinetic rate per unit area of zinc oxide crystal surface. 

(i) Since the rate was controlled by diffusion through an exterior gas film,^® 
the gas in contact with the surface must have approached equilibrium concen¬ 
trations. The rate uncomplicated by back reaction would be more rapid than 
that measured. 

2) W’ith briquetted material the area of surface taking part in the reaction 
may exceed considerably the exterior surface area of the briquette, so that one’s 
estimate of the rate per unit area of zinc oxide is diminished. 

From a detailed consideration of these points the writer believes that the true 
collision efficiency is unlikely to be less than i x io“®. From this efficiency one 
can make maximal estimates of the activation energy" of the rate process. Assum¬ 
ing that the whole of this activation energy had to be provided as translational 
energy of the carbon monoxide molecule, the maximum value would be 35 kcal. 
If the energy' could be pro\”ided jointty as translational energy of the gas molecule 
together with three vibrational degrees of freedom of the solid atom the corre¬ 
sponding figure would be 50 kcal. Both of these figures would be considerably 
reduced if one makes reasonable allowance for the orientation requirements of a 
successful collision. 

These figures have to be compared with a total endothermic heat of reaction 
at 1000® c. of about 43 kcal. It seems to the ^^Titer that in order to avoid straining 
probabilities it is necessary to assume that the decisive step of the reaction 
proceeds to an end state of appreciably lower energ^’^ content than the state of 
completed reaction with both zinc and carbon dioxide in the gaseous state. This 
would follow naturally from the scheme outlined by Anderson in which removal 

Truesdale and Waring, Trans, Amer, Inst. Min, Met. Eng,, 1944, * 59 » 97 - 
Woods (in press). 
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of oxygen from the lattice is a process more or less distinct from a later evapora¬ 
tion of zinc from the surface. This evaporation should be markedly endothermic, 
so that the overall heat requirement of the process is subdivided in such a way 
that the energy of activation can be less than the total endothermic energy 
change. The rate of reaction would be equal both to 

(a) a rate of oxygen removal given by 

(Collision rate) x (probability factor) x 

and to 

(b) a rate of zinc evaporation given by 

(Number of surface zinc atoms/unit area) x (vibration frequency) X 

Then must equal or exceed 43 kcal., while gj could be considerably less 

than this value. 

With regard to the second dif&culty, the classical argument in relation to the 
reaction 

Asolid 4* ^gas ^ Cs<^d 4“ Dgas 

is that if the reaction from left to right proceeds at all parts of the surface of 
A, we should have a rate expression of -flie form, 

(Pressure of B) x (Surface Area of A). 

Considering an equilibrated sj^stem and equating two such rate expressions, we 
arrive at the absurd conclusion that the equilibrium constant depends upon the 
relative surface areas of the tw^o solids. One is forced to conclude that the reaction 
occurs at some location which is common for both forward and backward processes; 
this location is then identified with the solid-solid-gas interface. 

It is hardly credible, however, that such reactions, which are often extremely 
rapid, should be confined to this interface. One way out of the difficulty is to 
invoke solid solution ; diffusion through the crystal lattice of components with 
minute concentration gradients as driving force would however be a relatively 
slow process. 

The mechanisms advanced by Anderson allow one to treat this question in a 
simple manner. The composition of the surface is variable to a much greater 
extent than that of the interior of the crystal, and is sensitive to the nature 
of the gas in contact with it. Equalisation of forward and backward rates could 
therefore occur on the surface of a single phase ; for example, at the surface of 
an oxide in contact with the appropriate equilibrium mixture of carbon monoxide 
and carbon dioxide, the surface composition would adjust itself so that the rate 
of oxygen removal by carbon monoxide was balanced by the rate of oxidation 
of surface metal atoms by carbon dioxide. Clearly, the relative amounts of 
different phases present at equilibrium becomes irrelevant. On the other hand, 
the diffusion involved is principally a surface migration, which is much more 
consistent with a rapid overall rate of the process. 

Dr. F* D. Richardson and Mrs. E. Dancy {B.I.S.RA,, London) {partly com¬ 
municated) : Investigations now being made by one of us (E.D.) on the reduction 
of iron oxide by hydrogen are of interest in connection with Dr. Anderson's 
paper on primary reactions in reduction processes. Our procedure is to build 
up la^^ers of wfistite on pure iron strips at 900® c. in a controlled H8O-H2 
atmosphere, and then to follow their reduction in flowing hydrogen at tempera¬ 
tures from 570® to 900® c. The thickness of these layers is about 100,000 lattice 
spacings, and the overall reduction process show^s a temperature coefficient corre¬ 
sponding to a low activation energy of about 7 kcal. The main point of interest 
is that massive iron is not formed on the surface as reduction proceeds, but that 
the surface continues to consist of iron oxide for over half the total period of 
reduction. The test we have applied for detecting the iron is to immerse the 
strips in dilute copper sulphate solution and then inspect under the microscope 
for deposited copper. The results suggest that following the removal of oxygen 
from the surface by the hydrogen gas, the excess iron atoms migrate through 
the wustite lattice and deposit on the central massive iron before they can 
nucleate to form a separate phase elsewhere. 

We believe that this does not happen in the reduction of copper oxide which 
soon produces free copper at the surface, presumably because copper oxide has 
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too few vacant cation lattice sites to permit rapid movement of the c<^per atoms. 
In the case of iron oxide, however, the crystal has about 5 % vacant cation 
sites even when in equilibrium with solid iron. It would seem therefore that 
during reduction a concentration gradient of vacant lattice sites is built up 
across the oxide layer, the values being low at the surface being reduced, and 
5 % at the iron interface. A steady movement of iron atoms may then take 
place up this gradient towards the iron, and this appears to be rapid enough to 
prevent the excess iron nucleating to form a separate phase at the surface. The 
result is not directly applicable to the reduction of ores in which massive iron 
does not already exist, but it does give interesting information on the mechanism 
w’hereby nuclei may grow once they have form^ under normal conditions. 

Dr. T. P. Hoar [Cambridge) said : Richardson’s results for the reduction of 
oxide films on iron by hydrogen may be visualised in terms of the mechanism 
for the corresponding oxidations given by Wagner,^® for which Price and I 
proposed a simplified model. For the oxidation of iron (Fig. i) we may consider 
the oxygen-film-metal system as a current-producing cell, in which the film 
surface is regarded as an inert basis at which O* molecules are cathodically reduced 
to O— by electrons arriving from the metal through the semi-conducting film, 
and the metal-film interface is the anode at which metallic iron passes into the 
film as ferrous ions ; electrolytic migration of these ions through the film, possible 
because of the vacant sites on the cation lattice, leads to growth of the film. 


O. 'FeO’ Fe 


Hs * FeO * Fe 


^40* 


O’-- 


2« I 


Fe' 




Fig. I. Fig. 2. 

which is thus regarded both as metallic connection and electrolyte of the cell, 
the E.M.F. being equivalent to AG (formation) for the oxide. For the reduction 
(Fig. 2), hydrogen gas and oxide ions react anodically at the film surface, giving 
HiO molecules that desorb and electrons that pass through the film to reduce 
ferrous ions to metal at the now cafhodic metal-film interface; electrolytic 
migration of Fe+’*’ inwards accompanies the process. Anion migration, possible 
in principle, is likely to be vanishmgly small by comparison with cation, because 
of the la^er size of the anions and ‘^eir complete lattice. 

The formation of surface islands of metal, found by Richardson in the case of 
copper oxide films, indicates the formation of new metallic nuclei in this case : 
which spatial form the reduction takes must depend on the relative rates of O— 
removal, cation migration and metal nucleus formation in each case. 

In the interpretation of his very interesting results, I think Anderson attaches 
rather too much significance to the so-called Tammann temperature (o-sT^)® k., 
where k. is the melting point. There is much evidence that bulk diffusion 
in solids can often take place at sensible speeds at much lower temperatures; 
for instance, the sulphide films on copper exposed to ammonium polysulphide 
can grow to several thousand a. in a fe%v seconds at room temperature, and the 
rate of solid diffusion in the development of the photographic latent image is of 
a similar order to magnitude. 

Dr. J. S. Anderson [Harwell) said : Tammann’s generalisation, that diffusion 
processes become significant in solids at temperatures above 0-5 x absolute 

Wagner, Z, physik. Chem. J?, 1933, ai, 25. 

Hoar and ftice, Trans. Faraday Soc., 1938, 34, 867. 
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melting point, is admittedly only a rough rule, and is not meant to be regarded 
as anything more than that. At the same time, the ^oss exceptions to the rule 
faU largely into two special categories : {a) structures in which cations are distri¬ 
buted over a larger number of cation sites, so that the distinction between 
“ correctly ** and “ interstitially ” sited cations, or between occupied and vacant 
sites, loses its usual meaning (examples are a-Ag^S, Agl, etc.); (6) structures 
with an unusually high concentration of interstitial atoms or vacant sites available 
for participation in the diffusion process. This is true, e.g., for markedly non- 
stoichiometric phases. 

For the cases referred to in my paper, the use of Tammann’s rule is probably 
valid, for there is a wealth of data extant on the phenomena sissociated witii 
combination reactions between oxides (e.g., the work of Hiittig's and Fricke’s 
schools), which reveals tiie onset of surface- and bulk-phase processes successively 
as the temperature is raised. 

Prof. M. Wlberg {Stockholm, Sweden) said; In his interesting paper Dr. 
Woods has pointed out that the reduction of magnetite is not only a simple 
diffusion-controlled reaction but also controlled by processes within the individual 
particles. 



In connection with my efforts to reduce iron ore to sponge iron on an industrial 
scale I have made some investigations of the reduction of magnetite with carbon 
monoxide and hydrogen which are in good agreement with Dr. Wood’s indication. 
In one of those investigations 2 mm. grains of a very pure Swedi^ magnetite 
from Kiruna were reduced at 1000® c. (Fig. i). During the first stages of the 
reduction, when the diffusion seems to be the rate-controlling factor, the hydrogen 
reduced much faster than the carbon monoxide, but during the final st^es the 
carbon monoxide reduced faster than the hydrogen so that the time for complete 
reduction was longer with hydrogen than with carbon monoxide. This indicates 
that something else than diffusion is the rate-controlling factor during the 
final stages. 

Fig. 2 and 3 are microphotographs of the reduced magnetite after 30 min. 
reduction with carbon monoxide and hydrogen. The bfiick areas are pores, 
the grey areas wustite and the white areas are porous metallic iron, surrounding 
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the wustite particles. The metallic iron seems to be somewhat coarser, if the 
reduction is carried out with hydrogen. 

Fig. 4 shows a sample, reduced i hr. with carbon monoxide. The reduction 
is almost complete, but some small wustite particles are still left, surrounded 
by metallic iron. Fig. 5 shows at higher magnification the same sample after 
etching. The metallic iron, surrounding one of the wustite particles, consists 
of almost pure pearlite. At 1000° c. the iron shell therefore consisted of austenite 
with about % carbon. We know that carbon can diffuse with a great 

velocity in austenite. In the interface between the austenite and the wustite 
the carbon can combine with the oxygen in the wustite to give a mixture of carbon 
monoxide and carbon dioxide. From the old manufacture of blister steel by 
carburizing Swedish Walloon iron, containing big slag inclusions with wustite 
as one of the main constituents, w’e know that gas with a high pressure is formed 
in the interface between the iron and the slag inclusions, giving rise to big blisters 
on the surface of the iron. 

It is evident that the same phenomenon occurs when w'e reduce iron ore with 
carbon moncpcide. The gas pressure in the interface between the austenite 
and the wustite at 1000® c. can be calculated to be about 40 atm. This pressure 
seems to be sufficient to separate the iron shell from the wustite and expand it 
to fracture, so ^at the reducing gas can enter through the hole and continue 
its reducing action on the wustite (see the upper wustite particle in Fig. 4). 

If the reduction is carried out with hydrogen, iron shells are also formed 
round the wustite particles and some of these ^ells seem to be relatively thick. 
In this case the iron shells are free from carbon and they seem to obstruct the 
reduction, so that big wustite particles are still unreduced after 4 hr. (Fig. 6). 
iUso by the reduction with hydrogen a certain pressure can be obtained in the 
interface betw^een the iron and the wustite, if the hydrogen can diflfiise inwards 
through the iron shell and the water vapour cannot diffuse outwards. The 
partial pressure of the hydrogen in the interface can be equal to its partial 
pres^re in the pores outside the iron shell but the -water vapour obtains a higher 
partial pressure in the in-fcerface than in the pores. The difference in the total 
pressure on both sides of the iron shell can be calculated to be about o*6 atm.,, 
and this is evidently not sufficient to cause a fracture in the iron shell if it hats 
reached a certain thickness. At a high temperature, when the iron atoms have 
a great mobility, it seems to be easier for the iron shell to reach such a thickness 
that it can obstruct -the reduction than at a low temperature. It is possible -that 
this is the reason why hydrogen can reduce more rapidly at 600® c. than at 900® c. 

Another reduction test -was carried out with a pure magnetite crystal, a well* 
shaped octahedron -with a diameter of about 2 mm. This crj^stal -was reduced 
vrith p^re carbon monoxide during 30 min, at 1000® c. In -the surface layer 
me-tallic iron -was produced ; in -the centre of the crj^stal unreduced magnetite 
wBs left and an intermediate zone consisted of -wustite at -the reduction tempera¬ 
ture. On cooling, magnetite ciy’stallised from the most concentrated part of 
the wustite solid solution. 

Fig. 7 shows a section through the porous layer of metallic iron. The interface 
between the met allic iron and the wustite is very irregular (Fig. 8). Fig. 9 
shows at lower magnification a section through all -the three phases, etched with 
HCl, which has^ attacked the metallic iron more than the oxide phases. In the 
upper part of Fig. 9 the unreduced centre of magnetite is visible and, in the lo-wer 
part, the metallic iron. The zone between Fe^O^ and Fe is wustite, from which 
smml crystals of Fea04 have precipita-ted on cooling, partly as a network. 
In Fig. 10 a part of -this net-work is shown at a higher magnification. 

.4which is precipitated from the wustite increases in "the 
direction tow^ds the central unreduced magnetite particle. It is evident from 
9 that no porosi-ty is obtained in the reduction of Fea04 to wustite. The 
tr^ort of the oxy^n through the wustite layer takes place by diffusion in 
solid solution and the rate of this diffusion seems to be very fast. 

As Sir Charles Goodeve has pointed out, it is not necessary to assume that the 
diffuse outwards. It is also possible that the smaller iron atoms 
mwards, when the oxygen atoms are removed at the outer surface of the 
wustite. 









Fig 9.--Magnetite cn^stal, CO, 30 min.. Fig. 10.—Magnetite crystal, CO, 30 min 
1000® c. ilagnetite, \nistite and metallic 1000® c. Central portion of Fig, 9, mag 

iron. ( 150, etched HCl) netite and wustite. (x 500, etched HCn 
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The reduction of iron ore is a complicated process and many details are still 
unknown. I have shown these pictures to indicate that the microscope can be 
a useful help in the study of chemical reactions in solid phases. 

Mr. R. Wild (London) (communuaied) : Dr. Woods raises a number of inter¬ 
esting points in his paper and it may be worth recording some details of work 
in progress at Imperial College on the reduction of lump ores in a stream of blast 
furnace gas (carbon monoxide and nitrogen). Our problem is somewhat more 
complex because reduction is not being carried out at a uniform temperature 
but at a temperature which is increasing linearly with time at a rate of 160^ c./hr. 
The experiment is terminated when the temperature reaches 940® c. when the 
ore lumps, which are cut in the shape of near spheres, are sectioned and analysed 
to determine the oxygen gradient from surface to centre. 

The main object of the work is to determine the relative sizes of various ores 
which will give similar degrees of reduction at the centre. It is appreciated that 
heat transfer enters into the picture, but considering the problem from a reduction 
standpoint the porosity of Ihe ore appears to be the dominating factor. By the 
use of a gas stream of high velocity the surface film becomes relatively unim¬ 
portant. Oxygen removal is carried out by a diffusion process which varies 
with depth, from capillary action near the surface to migration in the lattice 
near the centre. Whilst the osy^gen gradient is nearly linear with depth, fairly 
well-defined zones may be obser\’ed ranging from metal at the surface to pre¬ 
dominately ferric oxide at the centre and the higher the porosity the less defined 
are these successive zones. 

Natural magnetites fall into a class by themselves for oxygen removal is very 
much slow’er. In general, these materials have a very low porosity and the 
rate-determining factor is probably the molecular structure. 

Mr. H. Heme (BJ,S,R,A,, London) said : I should like to raise three points on 
Dr. Woods’s paper. Firstly, I want to emphasise a point which Dr. Woods men¬ 
tions but does not, in my opinion, stress sufficiently, and that is the importance 
of dynamical similarity in comparing laboratory experiments and full-scale 
practice. In the paper by Marek, Bogrow and King, from which Dr. Woods takes 
his data, no attempt has been made to ensure dynamical similarity with blast 
furnace conditions. The ores they used were almost aU screened titirough 8 to 
14 mesh (i.e., were about i J to 3 mm. lumps) and the gas velocity through the 
reaction chamber was about that reckoned to occur in the full-scale blast furnace. 
This experiment therefore gave a Reynolds number (velocity X characteristic 
dimension/kinematic viscosity) about 30 times smaller in the experiment than 
in the furnace. The balance between diffusion in the boundary layer of gas and 
diffusion in the lump is characterised by a dimensionless group qdlD^, where q is 
the material transfer coefficient of the boundary layer, d the characteristic dimen¬ 
sion of the lump, and the diffusion coefficient in the lump. These properties 
refer to carbon monoxide in the experiments quoted but may equally refer to 
any reducing gas, e.g., hydrogen. From an analogy with heat ixansfer experience 
the material transfer coefficient, q, is given by some such relation as qdIDgCC (R^^ 
where Rg is Reynolds number and Dg is the diffusion coefficient in the boundary 
layer; tiie best data for heat transfer in beds of broken solids give « = i as 
Dr. Woods suggests. The group which measures the balance between diffusion 
in the boundary layer and diffusion in the lump, qdjDg, then becomes Rg DglD^, 
Assuming that diffusion in the lump is actually diffusion down capillaries 
=s Dg and Reynolds number becomes the simple criterion of the balance 
between diffusion in the boundary layer and diffusion in the lump itself. 

IMarek, Bogrow', and King claim, I think without validity, that their experi¬ 
mental result are immediately applicable to full-scale practice. I fear that in 
a similar way some readers of Dr. Woods’s paper may not realise that there is a 
numerical criterion of the balance between boundary layer diffusion and diffusion 
in the lump of ore. 

The second point is that this boundary layer barrier, having virtually no 
capacity—in this case, capacity for carbon monoxide or whatever reducing gas 
is used—acts somewhat similarly to a resistance, if one may extend sHghtiy the 

potential ” and “ capacity ” analogy which Sir Charles Goodeve introduced 
in his introductory paper. But I should not like to continue this analogy with 
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electrical phenomena without further thought as chemical potential are approxi¬ 
mately logarithmic with concentration, and diffusion is approximately linear 
with concentration. 

The third point is illustrated by Fig. 4 of Prof. Peretti’s paper, “ A New 
Method for Studying the Mechanism of Roasting Reactions. Most of these results 
give a straight line relationship between time and thickness of reduced material, 
and, speaking from memory, this kind of result is fairly common in laboratory 
experiments with iron ores. I presume the mechanism of reduction is by three 
distinct stages. Firstly, there is diffusion of the reducing gas through the 
stagnant boundary layer ; secondly, there is diffusion of the gas down capillaries 
in the reduced solid material: and thirdly, there is the kinetic process of reduction 
at the reduced-unreduced boundary. If the first process, diffusion through the 
boundary layer, is initially the rate-determining one, the network of capillaries 
built up in the reduced material as the reduction proceeds must behave, in the 
diffusion problem, like a continuation of the boundary layer. Since the thickness 
of this boundary layer is generally much less than the size of the lump, the 
second process, diffusion in the lump itself, must rapidly become the rate-deter¬ 
mining one. When this is so, the thickness of reduced niaterial should be propor¬ 
tional, approximately, to the square root of the time rather than to the time 
itself. This square law relationship is a common experience in many other 
analogous diffusion problems. The results therefore suggest either that the 
chemical kinetics at the reduction interface is rate-controlling, or that there is 
some transport phenomenon in the reduced material other than simple diffusion 
along a concentration gradient. I should like to ask if anyone can clarify this 
difficulty. 

Prof« B. Kalling (Domnarvet, Swede^^i) said : I should like to say a few words 
especially in reply to a question put by Mr. Heme, wrhether the rate of reduc¬ 
tion of a piece of ore by a reducing gas is mainly determined by the reaction 
velocity at the gas-iron oxide interface or by the diffusion rate of the participating 
gases. It may be of interest to mention that this question w’as the object of an 
investigation about 20 years ago in Sweden.^® At that time it was a rather 
common opinion that the oxygen transport from the centre of the ore-piece to 
the surface occurred through diffusion in the solid reduced*iron phase and that 
the ^ diffusion had a more or less negligible infiuence on the reduction rate. 
Our investigations showed, however, that this oxygen transport mainly takes 
place in the gas phase. It was found that at iioo*^ c., at which temperature most 
of the tests were made, the diffusion of CO, in CO in the gas phase was not only 
sufffcient to take care of all the oxygen but also at this temperature the diffusion 
rate seemed to be the sole factor determining the rate of reduction from the 
surface to the centre of the ore-piece. At lower temperatures and when hydrogen 
was used as reducing gas instead of CO, other factors seemed to retard the 
reduction. A convincing explanation for this has been given by Prof. Wiberg 
in his very interesting contribution. 

Mr. L. R* Barrett {Londoti) said: The parabolic curves expected by Mr. Heme 
appeared in some work done five years ago on the buming-out of combustibles 
(sawdust, coals, cokes, etc.) from refractory clay-grog cubes. The cubes of 6 in. 
side were held for various periods up to 96 hr. in a chamber at 600® c., freely 
exposed on all sides to air—in motion only by natural convection—^at the same 
temperature. When cool the cubes were halved and the recession of the black 
core from the surface measured at the centre of the faces. The simple law 

(Recession)* ~ k (Time) 

was approximately obeyed, in conformity with Fick’s law. Some results are 
shown in Fig. i. As the core receded to tbe centre, oxygen approached radially 
and the curves tended to become straight, rather like those in Fig. 4 of Prof. 
Peretti's paper, where the direction of ffow is also radial. 


Kalling and lilljekvist, Tskn, Tidshr,^ 1926. 

Banett, Ford and Green, Comm, GRB 9, Gas Res, Board, p. 29. 
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The effect of temperature between 500® and 870® c. was small, the temperature 
coejfficient averaging 1*007. It was shown that the rate of the oxidation reaction 
was some tenth or hundredth within the brick of that at the surface. The interior 
was some 50® to 150® c. hotter than the surface, so that a temperature gradient 
existed in the oxidised envelope. 



The rate of recession was higher the higher the porosity but permeability 
was also a factor when this was very low. Later work on cubes of controlled 
pore size removed this anomaly for the particular conditions created. 

Prof. M. Rey {Paris) said : I would like to call attention to two papers which 
have a bearing on the mechanism of reduction and roasting reactions. 

The first one is the study by Ogawa of the roasting of zinc-blende.®^ Using 
rounded grains of mineral suspended in a stream of air at 800® and 900® c. and 
readmg the decrease in weight of the grain due to the roasting reaction with a 
thermobalance, he showed fiiat the reaction was controlled by the diffusion of 
oxygen and SO* through the layer of zinc oxide formed. The method might be 
used in the studies of the reduction of oxides. The second®* is the work of 
Neumann, Langer and Kdhler who made a study of the roasting of cuprous 
sulphide by a method very similar to that of Prof. Peretti. 

Dr, S. E. Woods (Avonmonih) said: With regard to the first point i*aised by 
Mr. Heme, I should be sorry if, by too condensed a treatment in the paper, 
the impression was created that the experimental conditions of Marek, Bogrow 
and King reflected accurately the behaviour in a blast furnace. In laboratory 
experiments with beds of ore, the size of particle used is inevitably considerably 
smaller than in large-scale practice ; to obtain similarity as to the balance 
between diffusion processes inside and outside the particle it is necessary to 
increase the linear velocity of gas flow in a corresponding ratio compared with 
large-scale working. Since such high velocities have not been used in laboratory 
investigations, the influence of diffusion from the external surface into the 
gas stream is greatly over-emphasised in these investigations compared with 
Siat of the processes occurring within the particle. 

The approximately constant rate of recession of the interface between reduced 
and unreduced (or oxidised and unoxidised) material, commented on by 
Mr. Heme, can arise even if the process is simply one of diffusion. For diffusion 

Barrett and Green, Comm, GRB 12. 

^ Rep, Tohoku Imp. Univ., 1929, 9, No. i. 

Archiv. MetalhUttenwesen, Band i. 
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under conditions of spherical symmetry the velocity of recession is inversely 
proportional to a product — x), 

where x = the fraction r/(yo + a) and 
;'o = radius of sphere, 

r = radius of unreduced portion of sphere, 

a = equivalent external gas-film thickness calculated for diffusion 
coefficient supposed equal to that effective within porous solid. 

The range of x with which one is concerned may easily fall within that from, say, 
0-25-0*75, in which the product x{i — is approximately constant. In addition, 
the tot^ volume of reacting gas supplied to the system may be so limited that 
an appreciably higher initial rate of recession may not be possible because during 
the early stages of reaction the product approaches equilibrium concentrations. 

The experiments referred to by Mr. Barrett, with which I was not familiar, 
provide a very thorough confirmation of a diffusion mechanism analogous to 
that postulated for iron oxide reduction. The demonstration that permeability 
was not a controlling factor in itself was of particular interest. 

Dr. W. J. Kramers Leathefhead) {communicated) : An investiga¬ 

tion ** has recently been made of the factors affecting the rate of conversion of 
barium oxide into barium carbide by reduction with carbon. The reaction mixture, 
which consisted of a.r. barium carbonate and shell carbon black compressed 
into pellets, was heated in an electric furnace in a current of hydrogen. Con¬ 
version of carbonate to oxide is rapid at about 1000° c. but it is not possible to 
obtain reasonably complete reduction of the oxide to carbide below about 



Fig* I,—Influence of partial pressure of carbon monoxide on yield of barium carbide. 
yfinutcs 

Ordituiies : Percentage of BaC% 

-Q- containing % CO bv volume 

- P - containing 15% CO by volume 

e: 1500^. Furnace i Moivbdenum, PeUetei J in. diam. 

Scatengmg : 300 l./kr. Mix 47S 


Temperature: 


1500® c. The reaction is reversible, since if the hydrogen stream is replaced by 
carbon monoxide, the carbide formed can be completely decomposed : 

BaO -f sC^BaC, -f CO. 

When the reaction is carried out at 1500® c. in a Hj-CO mixture, it has been found 
(Fig.^ i)^ that the composition of the reaction pellet appears to approach an 
^uilibrium value in which the proportion of barium carbide decreases with 
increase in the partial pressure of carbon monoxide. Accordingly, the equilibrium 
pressure of carbon monoxide is apparently dependent on the composition of 

** Atkins, Pirani, Kramers and Weil, Coal Rss, (private circulation), Dec,, 1946. 
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th.e solid phase so that the activities of the components of the latter must be 
varying. The size of the barium atom is, of course, favourable for the solution 
of carbon and oxygen atoms in the lattice and the results of X-ray examination 
favour the view that the products consist of an irregular arrangement of the 
atoms present. 

The equilibrium proportion of BaC* approached from a mixture originally 
richer in carbide is somewhat higher, probably because the carbon monoxide 
entering the reverse reaction has in this case to compete with hydrogen for 
access to the reaction sites. Hj^’drogen, however, does not appear to pfiiy any 
specific role in the forward reaction since this proceeds similarly in a stream of 
argon. Below 1500° c. the 3deld of barium carbide obtainable under hydrogen 
scavenging decreases progressively with temperature (Fig. 2) and it seems likely 
that the limiting yield at a given temperature corresponds to the BaO-BaC^ 
composition at which the partial pressure of CO has fallen to a negligible value. 



Fig, 2,—Influence of temperature on 3deld of barium carbide. 

Abscissae : Time {minutes) tn furnace at temperature indicated 
Ordinates : Percentage of BaC% in reaction product 
Curve A. 1500® c. Curve B. 1400^0. 

Curve C. 1350® c. Curve D, 1300® c. 

Mix 47 (20 BaCOt A.R., 5.4 shell black) 

Furnace Mdlyhdenum 11 . Pellets ,; i in, dtam. Scavenging: 300 l./hr. Hf 


The influence of departures from stoichiometrical composition in limiting the 
value of predictions from thermodynamic data has been stressed by Willis and 
others at this Discussion, but its importance in gas-solid reactions does not seem 
to have been generally appreciated. Variations in activity in the components of 
a solid phase are, of course, of particular importance to the practical metallurgist 
who is usually concerned to eflect as complete a transformation as possible of the 
reacting mixture. Thus, the equilibrium pressure of carbon monoxide in the 
reaction, TiO* + sC^TiC 4 - 2CO, has been stated ** to be one atmosphere 
at 1039® c. and this is not inconsistent with the knowledge that the reduction 
commences at 800® c. But it is known ** that much higher temperatures than 
1000® c. and vacuum or hydrogen scavenging are necessary to obtain a high yield 
of TiC. To avoid misleading conclusions being dra\vn from equilibrium measure¬ 
ments, it is desirable that the competition of the solid pha^ should be stated 
when studies are made on reactions involving more than one solid component. 

Brantley and Beckman, J. Amer, Chem, Soc„ 1930, 3960. 

Brownlee, Geach and Raine, J. Iron Steel Inst, (Special Report No. 38) 1947, 75. 
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Mr. H. Maicor {Pans) said; I would like to draw attention to two points 
in Sir Charles Goodeve's excellent paper. He writes :— 

(i) That conditions in the blast furnace are at their best when carbon ceases 
to react with CO2 at the highest possible temperature, while the iron oxides 
cease to react with CO at the lowest possible temperature. It looks quite simple 
but it means that the old rule insisting upon the need for a highly reactive coke 
is to be considered now as obsolete. I should like to mention that some experi¬ 
ments we are making now in France seem to substantiate Sir Charles Goodeve’s 
ideas. 

(ii) That when two phases are fluid, it is possible to make the simplif5dng 
assumption that the surface layer is essentially the same as the bulk, except 
when the reaction rate at the interface exceeds the difiusion rate to the surface. 
It seems that in many cases the assumption is too simple and that unhappil}’^ 
the existence of a film at the interface is to be taken into account. It is, for 
instance, difficult to explain the process in the acid open-hearth practice used on 
the Continent without supposing the insertion of a silica film between the steel 
and the slag as Kdrber and Oelsen did. Moreover, even if diffusion is supposed 
to be very quick, the composition of a phase at the interface might substantially 
differ from that of the bulk phase, as any impurity which lowers the superficial 
tension will accumulate at tiie interface. This well-known phenomenon might 
play an important part in the kinetics of heterogeneous reactions. 

Prof. M. Wiberg [Stockholm, Sweden) said : Dr. Tigerschiold mentioned the 
experience at Swedish blast furnaces that the carbon consumption is decreased 
if a magnetite ore is oxidized to FcjOs before charging in the blast furnace. 

In coimectiou with this I should like to mention that some years ago we made 
a test at a Swedish charcoal blast furnace with pre-reduced sintered iron ore 
from FcjOs to FeO by means of blast-furnace gas in a separate shaft furnace. 
We did so in order to save fuel in the blast furnace. We did not, however, save 
any; on the contrary the charcoal consumption was a little higher with the 
pre-reduced ore than with the ordinary" one. The carbon dioxide in the blast¬ 
furnace gas decreased more than corresponded to the decreased oxygen content 
of the ore. 

We have also made tests with pre-reduced ore in the manufacture of electric 
pig iron in low-shaft furnaces, where there is very little gaseous reduction. In 
this case a considerable saving in fuel and electric energy is obtained if the ore is 
pre-reduced in a separate furnace. 

Dr. W. J.Kramers {B,C.U.R,A., Leatherhead) {communicated): One speaker 
has raised the important and difficult question of the assessment of the quality 
of coke for use in blast furnaces. It was suggested that the coke should not be 
** too reactive,** presumably because high reactivity is often obtained at the 
expei^ of mechanical strength. The importance of adequate strength and 
abrasion resistance in the raw coke has frequently been emphasised, and methods 
of assessing coke quality- are largely based upon empirical tests relating to these 
variables.** However, recent work on the ultra-fine structure of coal and its 
carbonised products has suggested that other factors, hitherto not taken into 
account, may be of importance. In particular it has been found that the perme- 
abiHty of cokes to small molecules such as those of the common gases varies 
critically with the kind of coal used and with the temperature of carbonisation.®’ 

It is known that this has an important bearing upon combustibility.*® 

In ccfllaboration with Mr. A. M. Adams (B.C.U.R.A.) I have been studying the 
effect of slow partial combustion upon the physical structure of coke. As reacting 
g^es, used both carbon dioxide and oxygen, the coke being maintained 

at a suitable temperature and the gases diluted with nitrogen. It has been found 
that with some metallurgical cokes the lumps even when 25 % consumed, have 


« ® Thibanti 1943, 60, 129 (B.C.U.R.A. Trans. Series, No 157^ 

Structure of Coals aki%hes 

3 S FranHin. Coa 7 i?es./june. 1046. p. 36. 

Coaiflw. (to piss). ^ • 
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not diminished appreciably in size ; there is, however, a significant decrease in 
crushing strength. 

The possible importance of these observations in blast furnace practice arises 
from the fact*® that 20-25 % of the coke passing through is consumed under 
slow combustion conditions in the main body of the shaft where it is particularly 
important to preserve strength owing to the disintegration of the ores, and the 
need for having a bed that is freely permeable to gases. If the coke does not 
change appreciably in size as a result of combustion, the degradation which is 
observed must be largely the result of mechanical forces in passing down the 
shaft. The extent of such degradation will be determined not only by the original 
strength of the coke but also by the degree of weakening brought about by 
combustion. It is suggested that the decrease in strength of coke as a result of 
partial combustion may be a factor of importance in assessing the coke quahty, 
and experiments are being undertaken to test this view. 

Mr. J. Lumsden {Avonmouth) said : There is some doubt about the heat of 
formation of zinc sulphide. From the figure determined by Kapustinsky and 
Korshunov *1 for sphalerite, 

Zn(s) -f S(rhomb.) = ZnS(s) ; AHjgg = —48,420 cal., 

together with entropy and specific heat data, the following free energy equation 
is found for the decomposition of zinc sulphide at 1270° k. 

ZnS(s) = Zn(g) + iS,(g) : 

AHiajo = + 91,5^0 cal. ; AS®ia7o == 4 - 46-98 cal./deg. 

Putting in the condition that the partial pressure of the sulphur is half that of 
the zinc, the following equation is then found for the apparent vapour pressure 
of zinc sulphide due to this decomposition in the region near 1270° k., 

logjo Pnm. = ~ + 9-795. 

It is believed that the observed vapour pressture of zinc sulphide is due chiefly 
to this decomposition rather than to zinc sulphide molecules in the vapour 
phase. The same remark applies to cadmium sulphide. 

Dr. M. J. N. Pourbaix (Brussels) (partly communicated) : With regard to the 
statement by Welch concerning the formation of volatile SiO by r^uction of 
SiO*, and that by Lumsden to the decomposition of ZnS, CdS and CdO, it may 
be pointed out that the volatility of most metallic oxides at high temperatures 
seems to be dependent on the formation of gaseous metal or of gaseous suboxide. 
Only a few metallic oxides, such as PbO, MoO# and OsO*, seem to volatilise 
without decomposition; several oxides, which were thought to sublime on heating 
most probably behave like HgO, and decompose on heating. 

For instance, CdO, ZnO, CaO and MgO seem to decompose according to the 

2 CdO (soHd) = 2 Cd (gas) + O, 

2 ZnO (solid) = 2 Zn (gas) 4 - Oa 

2 CaO (solid) = 2 Ca (gas) -j- O* 

2 MgO (solid) = 2 Mg (gas) -f- O* 

and the decomposition pressures of these oxides are approximately given by 
the relations : 

CdO : logic P = — 13,100/P + 7*92 

ZnO : logic P = — 16,173/r + 6-76 

CaO ; logic P = — 26,605/r -I- 6*53 

MgO : logic P = — 26,173/T -f 8*04. 

The decomposition pressure of HgO may be given by the ration: 

logto P = — 522^|T + 7.43. 

It is well known that the oxides of metals also decompose with formation 
of metallic vapour, SnOa seems to behave as SiOa, in the sense that it may form 
a volatile suboxide SnO. 

so Sarek, /, Iron Steel Inst,, 1934, 129, 97. 

“ Kapustinsky and Korshunov, J, Physic* Chem, U.S.S.if., 1938, s, 220. 
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Equilibrium diagrams, such as presented in our paper, easily give information 
concerning the stability of oxides. If an oxide volatilises without decomposition, 
its domain of stability is limited by a vertical isobar (Fig. i) ; if it volatilises 
with formation of metallic vapour, its domain of stability is limited by an 
oblique isobar, this isobar f allin g vertically in the domain of stability of the 
condensed metal (Fig. 2) ; if it volatilises with formation of gaseous suboxide, 
its domain of stability is limited by an oblique isobar, this isobar having also an 
oblique branch in the domain of stability of the condensed metal (Fig, 3). 

In collaboration with IMme. C. Rorive-Boutd I have tried to establish an equi¬ 
librium diagram for the sj-stem Sn — O. A particular feature of this system is 
that, according to calculations made by Veselovsldi,** gaseous SnO seems to be 
stable at high temperatures where solid SnO is not stable, and decomposes 
according to the reaction, 2SnO = SnOg + Sn. Fig. 4 gives an approximate 
representation of the equilibria for this s^'stem. In these four diagrams, the 
“domains of predominance” of the various gaseous substances have been 
separated by dotted lines. 



f.'o dicomecst.M. Dtcompos,r,oH mtth Decenpuitfen uith Susftm3nO(fippr<») 

• formation o/aase^us metal forif^ticn of gaseous ^ 

i°6 Mo) (^Q,Cei,Z/ffCa^g, atkah suboude (Si,^ny. 

metals) 

Fig. I. Fig. 2. Fig. 3. Fig. 4. 

It seems that all data given in the literature concerning the volatility of oxides 
at very high temperatures (especially the data given by Feiser and by Rutf) 
should be revised. It is very easy to check experimentally whether a given 
oxide sublimes or decomposes on heating : it may be sufl&cient to measure, at 
one temperature, the spe^ of volatilisation of the oxide in the presence of oxygen 
and in the presence of an inert gas such as nitrogen. In the first case, the equi¬ 
librium condition has the form 

pVLefi — f(T), 

and the speed of volatilisation must be approximately the same in the presence 
of oxygen and in the presence of nitrogen. In the second case, the equilibrium 
condition has the form 

^Oa. = f(T), 

and the speed of volatilisation must be much lower in the presence of oxygen 
than it is in the presence of nitrogen. 

Dr. O. Kubaschewski (Teddingtcni) said: I agree with Dr. Gross that the 
free-energy formula of zinc sulphide in Kelley’s review gives too high values. 
This is doubtless due to the value of the heat of formation of ZnS which Kelley 
obtained from early work. This has been redetermined since Kelley’s publication 
by Kapustinsky and Korshunov ** who obtained by direct combination of pure 
zinc powder and sulphur a value of = —48,400 cal. for zinc blende 

which is 7000 cal. lower than Zeumer and Roth’s value obtained by Mixter’s 
method. The results of the direct method should be more reliable. Using Kelley’s 
cafculation and applying the new heat of formation of zinc blende and some 

*• J. AppL Chem,, 1943, 16, 397. 

»» Kapustinsky and Korshunov, /. Physic, Chem. 1938, xi, 220 ; Acta 

Pkysieochim,, 1939, xo, 259, 
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other minor improvements in the thermochemical data, I derived independently 
of Dr. Gross the following free energy formula for the reaction 

[^®]y + [ZnS]^; = [FeS]/5 + (Zn) 

AG = 57,200 + 5*1 r log r — 52-50 T 

or more simply, for the temperature range in consideration (900-1100'’ c.), 

AG = 55*100 — 35*0 T. 

This is very much closer to Dr. Gross’s formula than to the previous one of 
Kelley’s. 

Dr. P. Gross (Stoke Pages) said : I agree with Mr. Lumsden that Veselovskii’s 
experiments are likely to give the dissociation pressure rather than the vapour 
pressure of zinc sulphide. The change which this necessitates in the evaluation 
of the experimental data is certainly not decisive, and the conclusions of our 
paper remain materially unaffected. 

Dr. O. Kubaschewski (Teddingtcni) said : I am most interested in the useful 
work carried out by Pidgeon and King, as I have been associated with s imila r 
work done at the Kaiser-Wilhelm Institute, Stuttgart. The results obtained 
there agree fairly well with those reported in the present paper. The authors 



have referred to the published work of Schneider and Hesse and stated that there 
are considerable differences between the vapour pressure values obtained bj- 
the German workers and their own values. It should be pointed out, however, 
that “fee reactions investigated were different; the authors used mixtures of 
silicon with calcined dolomite, whereas Schneider and Hesse used magnesia. In 
both cases the formation of silicates must be taken into consideration. From 
an X-ray examination of the final product, Schneider and Hesse concluded that 
magnesium orthosilicate was formed according to the equation— 

4lMgO]-h [Si] = 2(Mg) + [Mg,SiO J . . . (i) 

Where calcined dolomite is used, we should expect a similar formation of calcium 
orthosilicate, 

2[CaO . MgO] + [Si] = 2(Mg) + [Ca^SiOJ 


(2) 
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Since the free energy of formation of CaaSiO* from its constituent oxides is about 
15 kcal. higher than that of Mg2Si04 the ratio of the magnesium vapour pressures 
in reaction (2) and reaction (i) must be of the order of ten. This has been 
established by experimental work carried out by Schneider and Ebert which has 
not yet been published. The vapour pressure of magnesium over calcined dolomite 
^vas in fact found to agree more closely with the values of the present authors 
(see Fig. i). If the errors in the method in the two investigations are taken into 
consideration, the agreement may be regarded as quite satisfactoty. The X-ray 
pattern of the final product showed so many lines that eqn. (2) is probably an 
over-simplification, and other silicates may have been formed as well. The 
simultaneous formation of several silicates results in a less reproducible reaction 
and may be the main source of the remaining differences in the results shown 
in Fig. I. 

The dotted line in Fig. i represents the magnesium pressure of reaction (2) 
derived from the free-energy formula— 

AG(2) = -f 120,000 -f II-8 r log T — io2‘5 r . . . (3) 

which I have calculated from the best data available, neglecting the possibility 
of a heat of formation between CaO and MgO. The free energy of the formation 
of calcium orthosilicate was taken from Fig. 3 in Dr. Richardson^s paper (this 
Discussion). The curve calculated for may be correct within the limits of 
± 70 ®K. The heat of reaction (eqn. (2)) is found by calculation to be 115,000 ± 
4000 cal., exactly half-way between Schneider and Ebert*s value (130,000 ±, 
8000 cal.) and Pidgeon and King’s value (100,000 cal.). 

AH this is no criticism of the authors* experimental work, which I feel sure 
has been carried out with all care, but it draws attention to the limits of the 
accuracy which can be expected from the equilibrium measurements and calcu¬ 
lations. For practical purposes the mean may be taken between the present 
results and those of Schneider and Ebert. This involves an error of ± 50® in 
the range from 1050® to 1250® c. 

In obtaining their results, Schneider and Ebert used argon as the transporting 
gas, but they observed a faster reaction rate when hydrogen was used. The 
present authors used hydrogen and though the reaction rate should not affect 
equilibrium values, this may be also a source of the differences observed. 

It may be mentioned in this connection that Schneider also tried to measure 
the reaction pressure of MgO -f Si in presence of barium oxide and strontium 
oxide, in place of calcium oxide. It was not possible to reach equilibrium, probably 
due to the formation of a layer of impervious substance over the oxide particles. 
This appears to be in agreement with Pidgeon and King’s conclusion that the 
reaction occurs in the solid state without support by a gaseous intermediary 
phase. Besides, no mechanism can be imagined which involves a gaseous transfer 
in the primary reaction. 

A higher initial reaction rate was found with powders containing BaO and 
SrO than with calcined dolomite. This may indicate a higher magnesium pressure, 
which is to be expected from thermodynamic considerations and from the 
reasons I mentioned earlier. 

Dr. S* E. Woods (Avonmouth) said: The following rough calculation indicates 
that the experiments referred to by Pidgeon and King in the concluding section 
of their paper, do not provide conclusive evidence that gsiseous silicon or silicon 
monoxide is not an intermediary in the reaction. 

The maximum rate of hydrogen passage used w'as 0-039 cu. ft/min or o-ooo8 
tnole/sec. The rate at which silicon or silicon monoxide could be carried forward 
in this stream would then be o-oooSp mole/sec., where p is the vapour pressure 
of the intermediary expressed in atmospheres. 

The mixed charges should contain about 500 cm.* of ferrosilicon surface 
separated by not more than 0-02 cm. from the surface of dolomite. Diffusion 
exchange in this ^stem ^ould be about 2 Ap mole/sec. (A/> = difference in 
pressure of interme^te at surface of silicon and dolomite), or some 2000 f-imftg 
greato than the rate of supply in the gas stream. To have provided a conclusive 
test, it would have been necessary for Pidgeon and King to pass a much greater 
volume of hydrogen over first silicon and then dolomite, than they appear to 
have done. 
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The mobility of a gaseous intermediary is, of course, greatly enhanced at the 
reduced pressures under which the ferrosilicon process normally operates. A 
time for complete reaction of a few hours would be possible with a pressure of 
the intermediary of lo-* — lo”® atm. in the presence of hydrogen at i atm., or 
of iO“* — lo""^ atm. at a total gas pressure of i/ioo atm. 

Dr, F, D. Richardson {BJ,S,RA.) said : The results of Prof. Pidgeon and 
Mr. King give a value of + i8*i cal. for AG® at 1200® c. for the reaction, 

2MgO 4- 2CaO + Si(Fe) 2Mg(gas) + aCaO . SiO*. 

A value for this reaction can be calculated from existing free energy data as 
follows : 

2MgO-> 2Mg(vap.) + O2 ..... -1-213-0 kcal. 

Si -f Oa SiOa ....... — 145*0 kcal. 

SiOa -f 2CaO 2CaO . SiO* ..... — 34*5 kcal. 


+ 33*5 ^oal. 

The difference of 15-4 kcal. seems rather too large to be attributed to a summation 
of errors in the values used for the calculation, though these might possibly 
total 8 kcal. A possible explanation may be that at 1200® c. the silicate 
3CaO. SiOa is formed since this compound is known to be stable at these 
temperatures. Such data as exist for 3CaO . SiO* indicate that at 1200° c. its 
free energy of formation®* from 2CaO.SiOj and lime is only about 0*3 kcal., 
but it must be admitted that this is a rather dubious value. It would, therefore, 
be of great interest to know whether the silicate actually produced in these 
experiments has been identified by X-rays or any other method. If so, the reaction 
can be used to add to our present scanty information on the free energy of 
formation of crystalline silicates. 

Dr. J. White (Sheffield) said: If I might comment on the point raised by 
Dr. Richardson regarding the formation of tricalcium silicate, this compound is 
produced commercially every day as a constituent of so-called "stabilised 
dolomite." It is not, however, produced very readily from " dry " mixtures, 
the presence of fluxes and fairly prolonged heating at rather high temperatures 
being necessary to get anything approaching complete reaction. Further, not 
only is it unstable above 1900® c. as indicated by the thermal equilibrium 
diagram, it is also unstable below 1200® c. as shown several years ago by Carlson.*® 
The free-energy curve of tricalcium silicate must, therefore, intersect that of the 
corresponding lime-dicalcium silicate mixture tvice, and must be lower than the 
latter only between 1200® and 1900® c. The free-energy change associated with 
the fomoation of tricalcium silicate from lime and dicalcium silicate is probably 
low, therefore, even under the most favourable conditions, as is the heat value 
of the reaction. That being so Prof. Pidgeon and Mr. King are probably justified 
in writing their reaction in terms of dicalcium silicate, at least until they have 
definite evidence to the contrary. 

Dr. P. Gross (Stoke Poges) said: During the war, for practical purposes, 
experiments on the rate of obtaining magnesium from briquettes of ms^esia 
(with and without the addition of lime) or calcined dolomite, and aluminium or 
ferrosilicon were made. These experiments were not very accurate but were 
numerous. The majority involved aluminium as reducing agent, but the 
behaviour of both reducing agents, as observed in these experments and as 
inferred from subsequent publications on ferrosilicon, is so similar that there 
can be very little doubt that the reaction proceeds in both cases in a similar way. 
The most conspicuous indication that in the case of aluminium the reaction 
proceeds directly between the condensed reactants is— 

(a) The rate, within a certain range of particle size, is approximately inversely 
proportional to the square of the radius of the magnesia particle. 

(b) The formation of !MgO . AljO* is the first product in the reduction of mag¬ 
nesia by aluminium. The formation of MgO . Alfit from the constituent oxides 

Shadduck, J. Physic. Chem.» I937> 

»® Bur. Stand. J. Res., 1931. 7, 893. 
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proceeds fast enough for the reaction between the condensed reactants in the 
reduction to be m no way excluded, and it is influenced by just those factors 
which one -would expect to be decisive on theoretical grounds for reaction between 
the solids 

(c) With decreasing poivder size the reaction becomes more and more inde¬ 
pendent of the particle radius. From the activation energy at this stage one is 
led to conclude that the permeation of the magnesium vapour out of the briquette 
becomes the rate-determimng step. This conclusion is corroborated by a com¬ 
parison of the observed rate of obtaining magnesium with the calculated reaction 
pressure together with the measured permeability of the spent briquette for air 
at low pressure. 

Castell, Dilnot and Warrington, Nature, 1944, 153, 653. 


III. SLAGS AND REFINING PROCESSES 

THE CONSTITUTION AND THERMODYNAMICS OF 
LIQUID SLAGS 

By F. D. Richardson 

Received 2 gth July, 1948 

Slags of one tjrpe or another are used in most pyro-metallurgical operations. 
In smelting processes they consist of the hulk of the unwanted substances 
present in the ores, and their composition is adjusted mainly to give a free- 
running liquid which can readily be separated from the metal. They are 
usually mixtures of silicates, as is shown by the typical examples in Table L 

TABLE I 


Blast Furnace 

,%SiO, 

CaO 

’Al^Osl 

FeO 1 

1 PbO j 

1 IklnO 

ZnO 

MgO 

I Cu,0 

Copper 

40 

27 

6 ' 

i 

22 ' 

’ — i 

0-6 ' 

1 

1 

1-4 

1 

— ’ 

' 0*5 

Lead . 

1 32 

22 

! II ! 
i 1 

33 

1 

I 

I i 

i 4 

I 

— 

Iron . 

1 

44 

: ! 

I 

1 _ 

I , 

1 

3 j 

— 


All these dags exhibit certain refining properties, for besides fluxing such 
unwanted residues as silica and alumina, they remove significant quantities 
of undesirable elements from the metals themselves. In smelting operations, 
however, these properties are not of dominant importance, and it is in 
subsequent refining processes, particularly in the manufacture of steel, that 
the physical chemis^ of slags finds its most important application. Sl^ 
are used in the refining of other metals, such as antimony, lead and copper, 
and t^e in a strict sense also in many minor processes such as dressing 
and liquation. The comp^itions of some typical refining slags, the more 
important of which are siliceous, are indicated below in Table II. 

The refining of metals by means of slags consists essentially of the transfer 
of di^olved subs^ces between two liquid phases. It thus relies on chemical 
reactions at sn interface, and the movement of reactants and resultants 
to and from it. Since these processes involve relatively simjile molecules 
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and all occur at high temperatures, their speed is not likely to be con¬ 
trolled by true chemical kinetics. Under these conditions only the highest 
activation energies could be restrictive. At 1600° c., for example, an activa¬ 
tion energy as large as 50 kcal. would lead to extremely rapid reaction with 
one effective collision in 10®. This being the case, the refining process may 
reasonably be pictured as one in which small volumes of slag and metal meet 
at the interface, where they react and approach equilibrium with each 
other, and then move apart by convection into the body of the slag and 

TABLE II 


1 

Metal 1 

Refined 

Operating 
Temp. {® c.) 

Type of Slag 

Antimony . 

900 

Soda slag, making an antimony glass containing oxides 
of Cu, Fe, As. 

1 

Copper 

1 

1 1100 

Silicate slag, containing oxides of Fe, Co, Cu, Pb. 

Steel . . i 

i 1600 

Acid Process : Silicate slag, containing oxides of Fe, Mn. 
Basic Process: Silicate slag, containing oxides of Ca, 
Al, Mg, Fe. 

Iron . . 1 

1300 

Desulplmrisation: Soda slag to remove sulphur from 
pig-iron. 


metal respectively. It is to be expected, therefore, that the rate of a slag- 
metal process should, at any instant, be dependent on the extent to which 
the brdk of the slag and metal are out of equilibrium and the rates at which 
the participating molecules can move by convection and diffusion in the 
t^vo media. The importance of the area of the slag metal interface and of 
convection is shown clearly in the refining of iron and steel. The Perrin 
process for the dephosphorisation of steel and the normal ladle desulphurisation 
of iron are completed in a few minutes, whereas the relatively static open- 
hearth process takes several hours. For practical and economic reasons the 
slag used in any refining process should be kept to a mitiimiim quantiri" 
and should, therefore, have as large a capacity per unit volume as possible 
for removing the undesirable elements from the metal. In thermod5mainic 
terms the slag should be able to hold a high concentration of these elements 
at a low chemical potential, and so make possible a favourable partition of 
them between itself and the metal. The thermodjmamics of slags and their 
viscosities are, therefore, of the utmost importance and it is for these reasons 
that so much attention has been directed towards them. 

It is necessary, however, to understand both why and how a slag works 
if our fundamental knowledge is to advance, and better slag techniques are 
to be devised. The development of an adequate molecular picture of liquid 
slags and of their behaviour is thus quite as important as the measurement 
of chemical potentials. The earlier workers in this field based their ideas 
of the nature of liquid slags entirely on their knowledge of the solid state. 
A later tendency was to formulate the molecular nature of liquid slags, 
solely on thermodynamic information obtained from slag-metal equilibrium 
studies. This reaction was almost to be expected since thermodynamics 
had proved a most powerful means of tackling the chemistry of solutions. 
It is evident, however, that the full picture can only be obtained by applying 
both these types of information. In this paper it is therefore proposed to 
adopt a thermodynamic approach relying on the concepts of chemical 
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potentials and activities, but tempered by existing knowledge of the 
chemical properties and structures of solid sl^ components. 

The potentials or activities of slag components can be determined from 
equilibrium measurements of slag-gas or slag-metal systems. The techniques 
for both types of study are difficult and ^though it is generally the case 
that the gas phase is better understood than the metallic solution, so that 
the gas technique has theoretically a wider application, the difficulties associ¬ 
ated with it are frequently the greater. Gas-slag studies have hardly been 
used, although the method has been generally applied for studying the 
thermodynamics of pure phases. A vast number of slag-metal equilibrium 
measurements have been made, but in most cases the slag S5^tems investi¬ 
gated have been so complex as to defy interpretation of the results in general 
terms. Another possible method is to determine e.m.f.s in slag melts with 
appropriate electrodes, but this must go hand-in-hand with the development 
of a fuller knowledge of the ionic constituents of slags to be gained from 
measurements of electrical conductivities and ionic mobilities. Information on 
the structure of slags and on the intimate behaviour of the component atoms 
and molecules has, however, to be obtained by the application of a wider 
range of physico-chemical methods. This is brought out in the following 
summary of the main experimental methods which may be employed in 
tackling the various aspects of the problem and the t3q>es of information 
which may be obtained from them: 

X-ray Studies . . Atomic structure of solid and liquid slags. 

Viscosity, Surface Tension Confirmation of structural picture ; indication of 

presence of long chains, etc.; activation 
energy for viscous flow. 

Electrical Conducthity . Information on ionic nature of components; 

activation energy for ion movement. 

Electrical Transport . Information on ionic species present. 

E.M.F.S, Slag-gas equi- Chemical potentials of components, 
libria. Slag-metal equi¬ 
libria 

Thermal Data on Pure Indication of molecular and ionic species likely 
Components to be present in liquid from free-energy 

considerations. Indication of properties to be 
expected of solutions with compositions corre¬ 
sponding to compounds in the solid state. 

Phase Diagrams . . Indication of molecular species likely to be 

present. Conditions under which the chemical 
potential of a component is equal to that of 
the solid at the same temperature. 

Specific Gravify . . Indication of structural changes in liquid with 

change of composition. 

Slag Structure 

The components of slags can all exist as crystalhne solids and most of their 
structures have been thoroughly investigated by X-ray methods. Although the 
oxides and silicates, of which slags are composed, can be represented stoichio- 
metricalfy by formube of type FeO, Ca, SiO*, etc., they consist, in the solid 
state at least, of almost infinit e three-dimensional molecules in which positive 
and negative ions aie co-ordinated with each other in a continuons lattice struc- 
fyre. The main slag-forming metallic oxides (FeO, MnO, MgO, CaO) are, for 
instance, all based on a lattice of the sodium chloride fype in which each metal 
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ion is co-ordinated with six oxygen ions and vice versa.^ Their properties are 
decided to a great extent by the ion sizes, which determine the lattice para¬ 
meters. In the solid state, a complete range of solid solutions is found to exist 
between FeO and MnO, FeO and MgO, and between CaO and MnO, but not 
between CaO and FeO or CaO and MgO. This is to be expected from the order 
of their ionic radii and lattice parameters. 

In a similar way the spinels, of which FeO.FeaO^ and MgO AlgOs are t37pical 
examples, must be considered as continuous structures in which oxygen ions, 
in approximately cubic closest packing, are associated vdth small positive metal 
ions.i In these cases, however, all the metal positions are not equivalent, for one 
set of metal ions is co-ordinated tetrahedrally with the oxygen ions and the 
other set is co-ordinated octahedrally. (The two different sets of positions are, 
however, not always reserved specifically for the two difterent types of cation ) 

Similar considerations apply 

to silicates.® Here the domi- TABLE III 

nant unit is the tetrahedral 


Si04 group which may share 
some or aU of its comers (i.e., 
share an oxygen atom) wdth 
other SiO* groups, depending 
on the overall silicate com¬ 
position. In the extreme 
case, where all four comers 
are shared, the three-dimen¬ 
sional network of the silica 
lattice is realised. In the 
silicates, however, some of the 
comers are no longer shared, 
and in silicates where the 


Ion 

Ion Radius ( a ) ^ 

Co-ordination 

observed 


0-95 

0, S 


1-35 

6 , 12 

Ca-^“ 

0-99 

0, 7, 8 

Mn-»**** 

o-So 

4. 6 , 8 

Fe-^-** 

0-75 

4. 6, 8 

Mg--^ 

0-65 

4. 6. 8 


o-6o 

4. 6 

Al-^-- ^ 

0*50 

4.5 .6 


metal oxides are present in - -- 

sufficiently high proportions, 

the silicate tetrahedra exist as independent {SiO^)*“ groups. In all the solid 
silicate stmctures, however, the positive metal ions are co-ordinated with a 
considerable number of oxygen atoms situated at the unshared comers of the 
Si04 groups. Each metal ion is thus linked to a number of silica tetrahedra 
and the silicate must be considered as a whole, and not composed of individual 
silicate molecules lying alongside each other. The co-ordination of the metal 
ions which occur in the solid oxides and silicates depends on their size and 
charge as indicated by Table III. 


The oxides of aluminium and phosphoms ® can also occur in tetrahedral 
groups which also share comers with each other. In the case of AIO4, even 
when all the comers are shared, there is one net negative charge associated with 
the group and this has to be neutralised by a positive metal ion. The PO4 group, 
on fhe other hand, is neutral when it is sharing only three of its four comers. It 
is this tetrahedral co-ordination of aluminium and phosphorus, which enables 
their oxides to build so readily into the silicate stmctures. It is for this reason 
that phosphoms in solidified iksic open-hearth slags appears in a silico-phosphate 
phase, and it seems a little surprising that the alumina in solid basic slags appears 
to be present entirely as calcium aluminates. 

Our knowledge of the stmcture of slag compounds in the liquid state is far less 
satisfactory th^ in the solid. Very litde information is available even on the 
entropies of fusion of sLag compounds, when many of the unreliable values 
calcuLatted from phase diagrams are neglected. It appears, however, that the 
entropy of fusion is not unduly high (e.g., Na* SiO^ AS = 9-1, FeO AS = 6-i, 
NaCl AS = 6*7 cal./degree) so that no major changes in stmcture are to be 
expected on melting. On general grounds one would, therefore, expect the liquid 
stmcture to resemble the solid, lacking of course the long-range order pecimar 
to the crystals. 


Bragg, The Atomie Structure of Minerals (1937). 
Bragg, The Structure of Silicates (1932). 
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The simple oxides might reasonably be expected to behave ideally with 
respect to each other in the liquid state, when they have comparable lattice 
parameters and show good solubility ranges in the solid state. This is, in fact, 
found to be the case for MnO-FeO slags on which careful measurements have 
been made by Chipman and his co-workers ® in the course of their phosphorus 
and sulphur equilibrium studies. 

The structure of liquid silicate slags can be inferred more definitely from the 
X-ray work of Biscoe, Warren * and others on glasses. These are supercooled 
liquids and the systems which have been investigated include silicate, phosphate 
and borate glass^, over compositions ranging from pure silica to 50-^ moL-% 
oxides such as NagO, PbO, CaO. The picture of the liquid which emerges is 
that of a random toee-dimensional network made up of Si04, PO 4 or BOg 
groups sharing comers with each other. Cations occur in holes in the network 
and are locaU^ at the unshared comers where there is a negative charge on 
each of the oxygen atoms common to only one SiOg group. As in the cr3"stalline 
silicates, the cations are co-ordinated with 6-8 oxygens as far as possible. At 
any temperature the glass has an equilibrium structure dependent on the 



overall composition. This has been brought out particularly in work on the 
physical properties (refractive indices and viscosities) of solid silicate glasses, 
wluch has substantiated the view that for every composition and temperature 
there is an equilibrium structure.® It is the need for a high co-ordination 
of the metallic cations, as indicated above, which determines in a large measure 
the structure and stability of any melt and the chemical potentials of both 
the oxide and the silica in silicate melts. The eftect is seen most clearly 
in the gap in miscibility which is evident at the sUica-rich end of binary i^stems 
of metal oxides and silica. As Warren • has pointed out, many of these 
systems break into two immiscible liquids as the sihca content is increased, 
one liquid being almost pure silica and the other relativety rich in the metal 
oxide. These parts of the phase diagrams for various oxides are shown plotted 
together in Fig. i. It will be observed that the concentration of silica at which 
two liquids are formed increases with increasing radius for the positive ion and 
decreases with increasing charge. The gap must arise from the conflict betw^een 
the entropy and energy contributions to the free energy of the system. For 

* Winkler and Chipman, Tra4^s. Affter. Inst, Min, Met, Eng,, 1946, Tech. Publ., 1987. 

Grant and Cb^man, Trans, Anter, 2 nst. Min. Met. Eng., 1946, Tech. Publ,, 1988. 

® Biscoe, Pincixs, Smith and Warren, J. Amer. Ceram. Soc., 1941, 84, 116. Biscoe 
and Warren, J. Anter. Ceram. Soc., 1938, 81, 287. 

* Douglas, /. Soc. Class, Tech., 1947, 141, 64. 

* Waixen and Pincus, /. Amer. Ceram. Soc., 1940, 85, 301. 
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the liquid to adopt a state of maximum entropy the two components require to 
mix completely ; to adopt a state of minimum energy each cation requires to be 
co-ordinated with six or more oxygen atoms. The oxide of a divalent metal, 
for example, produces two oxygens suitable for co-ordination for each cation 
added as oxide. At low concentrations of metal oxide, therefore, uniform dis¬ 
persion of the cations will lead to co-ordination with only two suitable oxygens, 
and probably an endothermic heat of solution, oft setting the large entropy. 
The liquid therefore splits into 
two phases, one relatively rich 
in metal oxide and the other 
consisting of almost pure silica, 
containing the oxide at a very 
low concentration. The con¬ 
centration at which this occurs 
depends on the increase in the 
energy of the system when the 
cations are co-ordinated with 
two oxygens rather than their 
normal number. Since ions 
are almost certainly involved 
it is to be expected that this 
concentration will depend on 
the inter-ionic forces and hence 
on the sizes and charges of the 
various cations. The general 
ionic picture of silicate melts as 
propounded here is in line with 
the measurements of electrical 
conductivity, which is suffi¬ 
ciently high to confirm the 
presence of ions. An attempt 
to illustrate this structural 
picture schematically for an 
FeO-SiOg slag is made in 
Fig. 2. 

Before leaving the general 
subject of ionisation, reference 
must be made to the very 
simple ionic treatment w’hich 
has been proposed by certain 
authors,’ and which by a 
judicious selection of suitable ions has been shown to give equilibrium results 
in line with actual measurements. In these cases the liquid is usually 
assumed to consist of various anions and cations and sometimes undissociated 
neutral molecules. The activities (a) of the various ions are assumed equal to 
their ionic fractions and the activities of various molecular components as 
equal to the product of the activities of the relevant ions. 

For example in the melt, 

CaO, CaS, FeO, FeS, 
the ions would be Ca+-^, Fe+'^, 0“, S", 
and the activities 

WCa’»'+ 

CtCiT - 

»Ca+->- »Fe+'r 

___ 

ws- -f WO- ^ 

flPeS == «Fe+-*- X ^tc. 

’ Tempkin, Ada PhysicoMm,, 1945, 20, 4x1. Samarin, Tempkin and Schwaxzmaxm, 
Acta Physicochim., 1945, ao, 421. Heinmann, Bulk Acad, Set, U,R.S,S., 1946, 

10, 1439- 
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Fig. 2.—Schematic r^resentation of solid and 
liquid slags. Dotted triangles represent bases 
of silicon oxygen tetrahedra with apical 
oxygen atoms omitted. Full lines represent 
silicon oxygen bonds. In the solid fayalite 
eadi iron atom is co-ordinated with 6 o^^gen 
atoms of which 4-5 are shown. In liquid 
fayalite as drawn each iron is co-ordinated 
with 5~7 oxygens of which 4-5 axe shown. 
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This simple treatment can hardly be of general application. Except in certain 
special cases the various ions in a molten sleig wiU not be associated equally 
with the different types of opposite sign, on account of the differences in their 
energies of interaction, which are determined approximately by the differences 
in the crystal energies of the corresponding ionic compounds. The success of 
the treatment in leading to results in h*ne with the measured partition of certain 
elements, and in particular of sulphur, between liquid iron and slags is almost 
certainly fortuitous. In the case of sulphur where it has been applied to slags 
of iron, calcium and manganese oxides, it can be showm that ihe assumption 
neither of such equations nor even of ions is essential. The results can be 
interpreted quite satisfactorily provided the energetics of the substitution of 
sulphur for oxygen are independent of composition for this particular set of 
oxides. This may reasonably be expected, since the heat and free energy 
changes at 1600° c. are approximately the same for all the reactions, 

CaO “T ^ S2 = CaS -f- ^ Oj 
FeO -p ^ Sj ~ FeS -4" ^ Oj 
MnO 4- I Sa = MnS + | Oj. 

Slag Thermodynamics 

Little is Imown directly of the free energies and heats of formation of slag 
systems. Still less is known of the important chemical potentials of individual 

components in simple 
slags. On the basis of 
thermal data, however, 
it is possible to calculate 
the free energies of for¬ 
mation of the various 
solid silicates, phos¬ 
phates and aluminates 
which result from com¬ 
bination between the 
slag-forming oxides. In 
the few cases where 
adequate entropy of 
fusion data exists, it is 
possible to extrapolate 
the solid data to the 
liquid states, where they 
can be of great assis¬ 
tance in understanding 
the behaviour of simple 
melts and a guide to 
the types of association 
likely to be found in 
relatively complex mix¬ 
tures. All the available 



Fig. 3.— ^FuU curves are based on complete or almost 
complete thermal data. Broken curves are estimates 
bas^ on incomplete data. Standard states at all 
temperatures are the stable solid or liquid forms of 
the pure substances. Since FeO is non-stoichio- 
metric, the standard state taken for it above 570° c. 
is that in equilibrium with iron at the temperature in 
question. The equation thus takes the form 

ar Fe -{- 2Fe<i ^x )0 -f SiO^ = rFeO . SiOg 


information of this type 
has been collected and 
the results are shown in 
Fig. 3, for those silicates 
for which reliable data 
exist. The free energies 
of formation plotted as 
functions of tempera¬ 
ture are those of the 


. compounds from their 

component oades. ^\lth the exception of MgSiO, and Fe,Si04 these have 
^n calcula^ entoely from thermal data. The most noticeable feature of the 
IS the nearfy honzontal form of the free-energy curves, which indicates 
ttot m most c^s the entropy of formation is very smaU. In all cases where 

^ available, it has been found that the specific 
heat of the compound above 298“ k. is equal to the sum of the specific h^ts of 
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the component oxides within the limits of error of the measurements. It is also 
^nerally the case that the heat content -Affo) of the compound is very 

nearly equal to the sum of the heat contents of the oxides, and that a similar 
relationship holds for the entropies. Fayalite is the most noticeable exception, 
for in this case, ASa^s* is — 5 cal./degree, due to the marked maximum in its 
specific heat at 65® k ., which probably accompanies a solid transition. In cases 
where high-temperature specific heat data are lacking, it has therefore been 
considered safe to draw the free energy curves on the basis of the values of 
Ah and AS at 298° k . Where low-temperature specific heat data are not available, 
a horizontal dotted line has been drawn to indicate the likely free energy of 
formation, on the assumption of a negligible entropy change. As has already 
been mentioned, few reliable data exist for the entropies of melting of the oxides 
and compounds shown, and, with the exception of silica, no specific heats of 
liquids have been measured. It has therefore only been possible to extrapolate 
one or two curves into the liquid states by introducing changes of slope corre¬ 
sponding to the entropies of fusion at the appropriate temperature. 

The free energies of formation (AG) of these compounds can be considered as 
the sum of the partial molar free energies (G) of the component oxides. For 
example: 

AGca,Si 04 = 2GcaO + GsiO. 

These separate partial molar free energies are the chemical potentials of the 
component oxides relative to their pure liquid or solid states according to the 
standards taken. They are really only of value for the molten compounds where 
they are a direct measure of tiie appropriate activities (a) as shown by the 
equations: 

(1) GcaO = 2*303 RT log acao, 

(2) GsiOt — 2*303 RT log asio^. 

Is) AGcajSiO* = 2*303 RT log a\:ao «sio,. 

As will be seen later, this information, even though approximate, and applicable 
only to specific compositions, can be of great help in making the most of directly 
measured activity data when these are available. Another interesting point which 
emerges from Fig. 3 is the general manner in which the stability of the silicates, 
relative to their constituent oxides, increases with the size of the positive ion and 
decreases with its charge. Similar considerations appear to apply to phosphates, 
and also to aluminates. This relationship between thermodynamic properties 
and cation size is similar to that shown to exist for silicate melts in the previous 
section, where it applies to the locations of the miscibility gaps in the phase 
diagrams, and hence to the forms of the activity cuiv'^es w'hich may be deduced 
from them. 

Quantitative Behaviour of Two Simple Systems 

Since a general view has now been given of solid and liquid slags and slag 
constituents, it is proposed to consider quantitatively tw’O simple systems in 
which it is possible to bring structural and thermodynamic information together 
to form a single picture. It is fully recognised that both the accuracy and the 
amount of the data available are inadequate for a complete substantiation of the 
detailed proposals put forward. It is suggested, however, that the picture proposed 
in each case is as harmonious as possible at the present time. 

(1) Iron Oxide containing Ferric Oxide* Ferrous and ferric iron exist 
together, in the solid phase of iron oxide known as wnstite and also in liquid 
iron oxide slags. The composition, which is limited in range in the solid state, 
is determined by the equilibrium oxygen pressure. Solid wostite consists of an 
FeO lattice with some of the iron lattice sites vacant, the crystal being kept 
neutral by the presence of two ferric ions for each missing iron atom. Wfistite 
may thus be considered as a solid solution of ferrous and ferric ions in an oxygen 
ion lattice and the equation, representing the enrichment of wftstite with ferric 
ions in the presence of oxygen, may be expected to take the form 

2Fe+-*’ -f- JOa ->-2Fe-^ + + + O*. 
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At very low concentrations of ferric ions in wustite, it is also reasonable to exp^t 
that the ferrous and ferric ions should behave as an ideal solution in the wflstite 
lattice. If these conditions apply, it follows that an equilibrium constant (itC) 
should be given by the equation 

K = (Fe+ + -)/(Fe--). 

This equilibrium has been studied by Darken and Gurry ® by means of COa-CO 
gas mixtures. Their results are shown in Fig. where log (Fe+ ++/Fe+’‘') has 
been plotted against 2 log (pcotlpco) I the curves, which almost overlap, have 
been displaced relative to one another for the sake of clarity. Errors in the 
measurement of the ion concentrations are almost certainly greatest near the 


a 


Fig. 4(a). 

iron-wustite phase boundary, where small traces of impurity can, under the 
conditions of their investigation, cause too high values for the ferrous iron. 
This is the most likely cause of the spreading-out of the curves for the lo^'er ’ 
temperatures at the lowest ferric concentrations. Within these limits the slope 
at the lowest concentrations is 4/1, indicating that under these conditions, 

log (Fe*“-^+/Fe++)oc Jlog^^^*^ , and 

(Fe^-+/Fe++)oc 

It follows that there is some support for the simplification introduced in deriving 

the equilibrium constant theo¬ 
retically. Since this can hardly 
apply at the higher ferric con¬ 
centrations, the marked depart¬ 
ure of the experimental results 
from this relationship under 
such conditions is to be ex¬ 
pected.* 

In the solid state, therefore, 
one has a picture of ferrous 
and ferric ions in an oxygen 
ion lattice and not of a mix'^re 
of FeO and FeaO* and Fe^Oa 
molecules, which on structural 
grounds it would be absurd to 
consider. It is of interest to see 
how far this view can be applied 
to the liquid. In the liquid 
state at low ferric ion concentra¬ 
tions, which may reasonably be 
expected to behave ideally, 

• Barken and Gurry, J. Amer, Ckem. Soc., 1945, 67, 1398. 

* The matter is considered in more detail in the Addendum. 
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the only data available are those of Chipman and Fetters,® who measured th 
proportions of ferrous and ferric iron in the liquid oxide in equilibrium witi 
liquid iron at temperatures from i55o°-*i85o® c. The oxygen pressures in equi 
librium with this system can be calculated from the established CO/CO2 ratio 
and equilibrium constants (JiTiiq) equal to (Fe+-^+/Fe+-*- . thus determined 
The results (only one at each temperature) give a straight line on the log jRl — i/'i 
plot (Fig. 4(b)), intersecting the correspon^g straight line for the solid at abou 
1500® c. The exact location of this intersection cannot be forecast since th 
wustites have incongruent melting points, but it is certain that the intersectio] 
must lie above 1369® c. At this temperature solid wustite is in equilibrium wit] 
solid iron and liquid iron oxide containing a higher percentage of oxygen thai 
the wustite. The change in composition is not accurately known, but from thi 
existing phase diagrams it can be calculated that the ratio of Fe+'^+/Fe'^' 
increases from solid to liquid by a factor l3dng between and 3. The log I 
against i/r plot shows that at 1369® c., the ratio (Fe‘^""-^/Fe'^-^)iiquid t 
(Fe+ + '*'/Fe+‘^)soiid at equal oxygen pressure is i-66. Here again the ionic pictun 
and ionic equilibrium constant are generally in line with established results 
There seems to be no reason to apply any different picture to the liquid oxid< 
than to the solid and no case for supposing the existence of distinct molecula 
species such as FeO and Fe304. 

The liquid system FegOa-FeO has been studied by White 1® at much highe 
ferric ion concentrations and correspondingly higher oxygen pressures. Hi 
measured pressures for various ferric/ferrous ratios are considerably highe 
than those extrapolated from the values of Khq given above. The values o 
/Fe+-*\ 

log (• peT T" ) calculated from his results at 1600® c. have been plotted agains 

log^02 ^ Fig. 5, for 1600®, 

1650® and 1700® c. Also 
plotted axe corresponding 
values of log (Fe+++/Fe+’^) 
at low concentrations of 
ierric iron, calculated from 
the equilibrium constants 
derived from Chipman*s 
results. It is seen that 
White’s results give slopes 
which decrease as the 
(Fe+ + '’'/Fe++) increases. 

It is suggested that at 
higher ratios still the slope 
tends to a value of 4/1, as 
at the lowest ferric con¬ 
centrations investigated by 
Chipman, and that the 
curves over the full con¬ 
centration range are as 
indicated by the dotted 
lines. It seems likely that 
at the low ferric concentra¬ 
tions the liquid structure 
resembles that of wustite, 
with activity coefficients 
for all the ions remaining 
approximately constant. At the highest ferric concentrations it would seem that 
the liquid structure resembles that of Fe^Oa with, similarly, constant activity coef6- 
cients for the different ions, so that once again the ratio (Fe+‘«'+/Fe’^'*‘) is propor¬ 
tional to pot^^- Between these two extreme conditions the liquid has to adopt 
intermediate structures with varjdng activity coefficients for the various ion con¬ 
stituents, with the result that the simple proportionality is no longer followed, 

• Chipman and Fetters, Trans, Anter. Soc, Met,, 1941, 964. 

10 White, Iron Steel Inst. Carnegie Mem., 1938, ay, i. 
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ar>H the equilibrium oxygen pressure changes more rapidly with con^osition 
fhaTi for either of the extreme structures. It is of interest to observe how the 
ideality appears to extend from the lowest Fe+++ concentrations to the ratio 
Fe+-^“/Fe++ = 2, which is equivalent to Fe804, before the oxygen pressure 
changes steeply. This may be connected with the fact pointed out by 
Goldschmidt that the structures of solid FeO and solid Fe804 are markedly 
ftiTnilar in that each contains the same number of oxygen atoms per unit cube, 
and that the change from one to the other can be achieved by removal of iron 
atoms, and minor rearrangements of some of the oxygen and iron atoms 
remaining. 

(2) Iron Oxide and Silica. The information available in this system 
includes: 


(a) the accurately determined 
phase diagram by Bowen 
and Schairer shown in 
Fig. 6(^7) ; 

{b) the crystal structure of 
fayalite, 2FeO.SiOa, as in¬ 
dicated in Fig. 2; 

(c) the heat of formation of 
fayalite, from FeO and 
SiOj — II ib 2 kcal. at 
25® c.,^* the specific heats 
of Si02,^* FesgiO*,^® and 
FeO/® and the latent heats 
of FeOi’ and SiO^.i* Un¬ 
fortunately the latent heat 
of fusion of FeaSi04 is not 
knowTQ. and the tiiermal 
data on FeO are poor, so 
that it is not possible to 
deduce the free energy of 
formation of liquid fayalite 
at 1600® c. with any ac¬ 
curacy, As suggested by 
the dotted lines in Fig. 3, 
it may be of the order of 
— 4 kcal. per mole * ; 

(d) the activities of FeO in FeO—SiOf melts at 1600® c. determined by Taylor 
and Chipman.^® 

From the phase diagram it is possible to determine the activity of liquid 
silica in the melt over the range of temperatures and compositions where the 
liquid is in equilibrium with silica. The thermal data for crystalline silica given 
by Mosesman and Pitzer and for silica glass by Southard were used here, 
and the results are shown in Fig. 6(6). The activity of liquid FeO in the melt was 
similarly deduced over the range where the liquid is in equilibrium with FeO. 
These are less accurate than the silica results since the latent heat of fusion of 
FeO is only known indirectly, and in the absence of suitable data no correction 
was made for the dxfierence in specific heats between the liquid and the solid. 
To correct all these values to 1600® c„ the partial mnlar heat of mutual solution 



Fig. 6 (a). 


^ Goldschmidt, J. Iron Steel Inst,, 1942, 146, 157. 

^ Bowen and ^hairer, Amer. J, Set,, 1932, 24, 200. 

“ Troitssch, Dissertation (Braunschweig, 1936). 

1® Kelley, U.S, Bur, Mines, Bull. 434, 1939. Mosesman and Pitzer, J, Amer, Chem, 
Soc,, 1941. 63, 2348. 

1 ® Kelley, J, Amer, Chem. Soc., 1941, €3, 2750. and U.S, Bur, Mines, BitU, 371, 1934. 
1® Kelley, foe, dt,. Bull, 371, 1934 »* 434, 1939. 

Kichardson and Jefies, /. Iron Steel Inst,, 1948 (in press). 

Taylor and Chipman, Trans. Amer. Inst. Min, Met, Eng,, 1942, Tech. Publ., 1499. 
Southard, J. Amer. Chem. Soc., 1941, S3, 3142. 

* See Addendum, p. 256. 
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of SiOj and FeO at the various compositions must be known, though it is to be 
expected that the curves will approach the ideal more closely as the temperature 
is raised. For the silica-rich compositions, it would seem that the partial heat 
of solution of silica is not likely to be endothermic to more than 2—3 kcal. per 
mole, and the dotted curve for silica has been drawn on this assumption. Chip- 
man’s equilibrium studies have shown the activity of FeO to be approximately 
ideal over the miscible range at 1600° c., a result which is in line witii the plotted 
results and a partial heat of solution exothermic to about i kcal. per mole. 
The high value of the activity coefficient of silica at 43 mol.-%, and the fact that 
the activity coefficient of ferrous oxide is approximately unity at this com¬ 
position, indicate that the activity curve for SiOj at low concentrations almost 
certainly foUo'ws a course similar to that dotted. This can most readily be 
appreciated by means of a 
rough plot of the log of the 
activify coefficient of Si02 
against Nsio^l^FeO, which 
on appropriate integration 
gives tile log of the activity 
coefficients of FeO. At the 
composition 2Fe0.Si02, the 
activities of FeO and SiO* 
are 0*66 and 0*55 respect¬ 
ively, giving values of — o* 15 
and — 2*4 kcal. for their 
partial molar free energies. 

These combine to give 

- ( 2-4 + 2 X 1 - 5 ) = - 5-4 

kcal., for the free energy of 
formation of one mole liquid 
fayalite at 1600® c.— b, result 
wldch is in agreement with 
the value obtained from 
thermal data for the free 
energy of formation of liquid 
FejSiO* from liquid FeO 
and liquid silica when the 
limits of accuracy are taken Fig. 6(6).—The standard states are supercooled 
into consideration. liquid silica at 1600® c. and wiistite (non-stoichio- 

The picture of this melt metericFeO) in equiUbrium with iron at 1600® c. 

consisting of Fe++ and 

SiO**- ions fits well together and suggests that the near approach to ideality of the 
FeO activity over the range of composition investigated by Chipman, is no case for 
his suggestion that the liquid consists of FeO and SiO®. The latter must certainly 
exist in the silica-rich liquid of the immiscible range, where the relatively high 
energy of the system can be offset by a h^h entropy. On the other hand, the liquid 
rich in FeO must have a different structure, for &e phase diagram shows it to be 
immiscible with the silica even at much higher temperatures. It is reasonable 
to suppose, therefore, that it resembles faysdite consisting of ferrous and silicate 
ions, all of which will be of the Si04*’ type at compositions containing more than 
66 mole % FeO, It is of interest to note that liquid fayalite has a free energy 
of formation from liquid FeO and liquid SiO*, which is made up of a reasonably 
negative heat term (about — 15 kcal. per mole), and a negative entropy. In 
contrast, the silica-rich liquid almost certainly has a positive heat term and a 
positive entropy. A point of interest, which is sometimes overlooked in such 
problems, is that an activity coefficient greater than unity —as exhibited by 
the SiO* at compositions rich in FeO—can be accompanied by '' compound 
formation, provided the free energy of the compound is less than that of the two 
liquids when homogeneously mixed. Similar curves can be constructed from 
the phase diagrams of other silica-inetal oxide systems. The parallelism between 
cation charges and sizes and the properties of the melt, previously referred to in 
Fig. 2, in connection with the miscibility gap, will similarly apply to the 
activities. 
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Conclusions 

The elucidation of the chemistry of liquid slags is a complex problem, 
for which it is essential to use all available information on the liquid and 
solid states concerned. Advances are most likely to come in working from 
the solid to the liquid states and in treating the liquid as a non-stoicMometric 
disordered solid with an equilibrium configuration for each composition and 
temperature. 

A knowledge of the structure, behaviour and energetics of the relevant 
solid phases gives a good indication of structure of the melt and the molecular 
or ionic species likely to be present. For instance the relation which is seen 
to exist between cation size and charge and the chemical and physical 
properties of solid silicates is found to apply also to silicate melts. The solid 
solubility limits also give an indication as to how slag components are likely 
to behave with respect to each other in the liquid state. Ideal behaviour is 
likely to be the exception rather than the rule, so that it is quite unsafe to 
prechct the molecular or ionic species present in a slag melt solely on the 
basis of activity data and the assumption that ideality applies if the molecular 
or ionic species are selected correctly. It is more reasonable to interpret 
activity results in terms of the interaction between the ionic or molecular 
species deduced from the solid state, it being recognised that a relaxation 
is to be expected of the solution hmits found in solids and that ideal behaviour 
will be more closely approached as the temperature is raised. 

I am indebted to Mr. J. H. E. JefiEes and Mr. G. Withers for valuable 
assistance and in particular for the calculations on which Fig. 3 is based. 


Addendum {Received 8 th November, 1948). 

Dr. T. P. Hoar of the Department of Metallurgy, Cambridge, has called 
my attention to the fact that, following the work of Wagner and Koch 20 
on copper oxide, one would have expected the following equation to represent 
the equilibrium between ferrous and ferric iron in solid wustite, 

2Fe+'^ + JO2 = 2Fe-r+'** + O'* + vacant cation site □ . 

This would give an equilibrium constant of the type, 

since the concentration of vacant sites is equal to half the concentration of 
ferric ions. The experimental data, on the other hand, fit the simpler equation 
proposed in the ori^ai paper far better, and the reason for this may be that 
in the wustite lattice at ttese temperatures, it is impossible for a vacant 
cation site to exist without a neighbouring ferric ion, but possible for a ferric 
ion to exist independently of a vacant site. For this condition the full 
equation would be 

2 Fe++ -i- ^ 0 * =Fe+++ + (Fe+^+Q + 0 -, 

and the corresponding equilibrium constant would thus be compatible with 
the experiment results. The lowest total energy condition for a wustite 
c^st containing vacant cation sites is obviously that in which each vacant 
site is neutralised by two neighbouring ferric ions. At high temperatures, 
where the entropy term in the free-eneigy equation becomes important, 
these ferric ion Y3>cant-site complexes may be expected to dissociate, first 
to vacant sites with one localised ferric ion, and then to free vacant sites. If 

*• Wagner and Koch, Z. physik, Cham, B, 1936, 3a, 439. 
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this is so, one would expect, at the lowest temperatures, an equation of the t3q}e, 
2Fe+-^ + iOj = (Fe+++ □ Fe++T) + 0 -, 
and an equilibrium constant, 

(Fe-»-++) 

On the plot shown in Fig, 4<a;, this would lead to a slope of 2/1 at the lowest 
ferric ion concentrations, instead of 4/1 and may, in fact, be the cause of 
the progressive decrease in the limiting slop^ of the curves as the temperature 
falls from 1400® c. to 1100® c. In the liquid one may expect an eqmlibrium 
equation in which the vacant lattice sites do not figure in view of the large 
number of holes, which accompany the disorder of the liquid state, and are 
in no way related to the ferric concentration. 

In connection with the thermodynamic treatment of liquid FeO-SiOg 
mixtures, it should be stressed that owing to the non-stoichiometry of FeO 
the full equation for the formation of fayalite from iron oxide and silica at 
temperatures above 570® c. is, 

2 Fe(i-r)0 + 2 xFe + SiO^ = Fe3Si04, 

The equation relating AG® and activities of the various components in 
liquid fayalite is therefore, 

AGpeaSiO* = 2'3 log • ^SiOg" 

As the standard state taken for the iron oxide at each temperature is that 
in equilibrium with free iron, the value of x will vary slightly with tempera¬ 
ture, but wiU be close to 0*05. Although it appears that this fact was not 
taken into account in the heat of formation measurement by Troitsch, it 
is not likely to affect the calculated free energy of formation beyond the 
limits of error assigned here. 

The measurements by Taylor and Chipman on the activities of FeO in 
FeO.CaO.SiO2 melts, for which the activities of FeO in the binary system 
Fe0.Si02 can be determined by a short extrapolation at 1600® c., were made 
in equilibrium with liquid iron. The value of ape in the above equation is 
thus unity, and this permits the check on the SiOg activity calculated from 
the value of AGIe^iO^ at 1600® c,, obtained from Fig. 3. 

Summary 

The present state of knowledge of the structure and thermodynamics of solid and 
hquid slags and slag constituents is reviewed. The ionic and structural views outlined 
are appli^ to two simple liquid slag systems—^FeO and FeO-SiOa- 

Chemistry Department, 

British Iron and Steel Research Association, 

II, Park Lane, 

London, W.z, 


THE THERMODYNAMIC ACTIVITY OF SILICA AND OF 
OXIDES IN SILICATE MELTS 

By M. Rey 

Received 21st June, 1948 

The behaviour and particularly the reducibility of metallic oxides present 
in silicate melts are important both from the practical and the theoretical 
point of view. 
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Some metallurgists have tried to account for the effect of acidity or 
basicity of slags upon the reducibility of oxides by assuming that in a fused 
slag a part of the oxides was free and a part combined as silicates. Only 
the free oxides were supposed to be reducible. Schenck ^ has based extensive 
calculations on the idea of free oxides dissolved in an ideal solution, but 
Korber and Oelsen ® have refuted his theory in a paper which is one of the 
most important contributions to this subject. The argument of Korber and 
Oelsen ® is as follows ; a melt of fluorspar and ferrous oxide separates in two 
liquids at 1450®. One is fluorspar containing 2 % FeO and the other is FeO 
containing 2 % fluorspar. The chemical reactivity of ferrous oxide (the 
authors shun the words thermodynamic activity) must be the same in both 
phases as they are in equilibrium. It would therefore be necessary, accord¬ 
ing to the theory of Schenck, to admit that in fluorspar containing 2 % FeO, 
the percentage of free ferrous oxide is higher than the percentage of total 
ferrous oxide. 

In the field of organic solutions, Dolezalek and his school have tried to 
explain all the deviations from the laws of ideal solutions by molecular 
association but this explanation has been proved to be insufficient 
(Hildebrand®). As two Uquids forming an ideal solution are completely 
miscible it is clear that any general interpretation based on ideal solutions 
is inadequate. This has been clearly stated by Washburn.* Recently, 
however, Chipman and his school have used such concepts in their brilliant 
studies of equilibria between slags and metals.® For example, Chipman 
has shown that in the system, ferrous oxide—calcium orthosilicate, the 
oxidising power of the ferrous oxide on liquid steel could be accounted for 
by assuming that the solution is ideal and that the calcium silicate is 
associated in groups of two molecules such as Ca4Si208 (or 4 CaO. 2 SiOg). 

However, as Chipman himself admits, this is more a convenient device 
for calculation than an actual representation of the molecular state of the 
solution. 

The same association of calcium silicate cannot accoimt for the separation 
into two liquid layers in the system SiOg—CaO, nor can a similar association 
of calcium phosphate account for the separation in the system, ferrous 
oxide—calcium orthophosphate. 

It appears much preferable to make use of the concept of thermod5mamic 
activity exactly as in the study of other solutions. It is also advisable, as 
far as possible, to consider the activity as a purely thermodynamic quantity, 
independent of any hypothesis on the constitution of the solution. In 
this way, any improvement in our knowledge of activities will be a positive 
step forward and will have a permanent value. Consideration of the actual 
constitution of the solution should preferably come later as a second step. 

Thermodynamic Theory of Solutions 

The determination of activities from liquid immiscihility and from 
melting-point diagrams. It is not possible to go here into the details 
of the thermod3mamic theory of solutions. As is well known, the activity 
is defined as the ratio of the vapour pressure (or fugacity) of a substance 
to that of the same substance in a reference state. Usu^y in non-aqueous 

^ Schenck, Physikalische ChemU der EisenhuUei%prozesse (J, Springer, 1932 and 
^ 3934 )‘ 

* K&rbo: and Oelsen Stahl Eiseft, 1940, So, 921 and 94S. 

® Hildebrand, Solubility of Non-Electrolytes, 2nd. Edn. (1936), Chap. IV. 

*Washbnm, Trans, Amer. EUctrochem. Soc„ 1912, 23. 333; /. Amer. Chem. Soc., 
1910,32,670. 

^Chipman ei aL {a) Trans, Amer, Inst, Min, Met. Eng., 1941, 145, 95; 1943, 154, 
228, (b) Trans. Amer, Soe, Mst,,^ Dec,, 1942. (c) Met, Tech., Apr., 1946. 
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solutions the reference state is the pure liquid. Here we shall take the 
pure liquid as the reference state above its melting point and the pure 
solid below. We shall call the two activities the liquid and the solid activity. 

At any temperature, the ratio between the two types of activities so 
deiSned is given by 

= ... (I) 

where a' and a are the solid and liquid acthdties, L is the heat of fusion and 
6 the absolute temperature of fusion of the pure substance. 

We shall follow the Hildebrand nomenclature and call positive deviation 
from ideality, the state of a solution where the activity, referred to the 
pure liquid, is greater than the mole fraction (a>A") and negative deviation 
the opposite case. It is well known that liquid immiscibihty is a sign of 
a strong positive deviation, and compound formation a sign of strong negative 
deviation. 

Although this method has received little attention, the solidification curve 
of a component can give important information on its actmty, particularly 
if it crystallises in the pure state and not as a solid solution. At a tempera¬ 
ture Tc along the crystallisation or solidification curve, the activity, referred 
to the pure solid, is of course equal to unity. Referred to the pure liquid 
it is given by 

At another temperature, the activity is somewhat different. It tends 
towards the mole fraction, that is the solution approaches ideality, when 
the temperature increases. 

In general the calculation of the temperature correction needs the know¬ 
ledge of the partial molal heat of solution L^. The variation of acthity with 
temperature is then given by 


d log ai _ 


(3) 


dr 4*575r^ ■ ■ ‘ • 

This equation can seldom be used because often Lj is unknown. 

When the solution is “ regular ” in the sense used by Hildebrand, the 
temperature correction of the activity referred to the liquid is given by 


log 


Ml 

N T N 


(4) 


This equation is equivalent to 


RT log ^ = constant. 


The use of eqn. (2) and (4) permits the calculation of the liquid activity 
a without requiring the Imowledge of the heat of solution. The result is, 
however, only approximate when the solution is not regular. 

The solid activity a' can also be deduced from eqn. (i), (2) and (4) and is 
given by 

. . (;)♦ 

Because (4) has been used in its derivation, this expression is accurate 
in the case of a regular solution and only approximate in other cases. 


* Eqn. (5) is believed to be new. The subject will be detailed in a memoir to be 
presented before the Sociiti Frangatse de Mttallurgie, 
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The Solidification Curves in the Silica-Metallic Oxide Systems 

We shall consider the shnple systems, silica-metallic oxide. They have 
been studied mainly at the National Geophysical Laboratory in Washington. 
The solidification curves are reproduced in Fig. i, using mole percentages 
of SiOj and oxide as abscissae. 



Kracek * has pointed out that, on the silica side, the various solidification 
curTCs of cristobalite form a family whose characteristics vary regularly in 
the order; 

CsjO or RbjO, KjO, Na^O, LijO, BaO, SrO, CaO, MgO. 

It should be added that MnO and ZnO are intermediate between CaO and 
MgO and that FeO follows MgO. CsjO and RbgO form an ideal solution, 
KgO and Na^O show already a dight positive deviation which increases 
with LigO and BaO. With these last oxides the solidification curve of 

* Kracek, J Atner. Chem. Soe., 1930, 5a, 1436. 
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Si02 shows an inflexion point which is characteristic of a tendency towards 
separation in two liquid phases. The separation appears in the SrO dia¬ 
gram,^ increases in the next members of the series and becomes extreme 
in the case of FeO. 

The second important fact about the solidification diagrams is the forma¬ 
tion of definite silicate compounds. With the first oxides of the series, 
giving a nearly ideal silica crystallisation curve, nearly the whole of the field 
is open for the formation of silicates and there are not only neutral, but 
also acid, silicates such as Na^O, SiOg; Na20.2 SiOg and even K2O.4 Si02. 
As the field of silica increases it obliterates progressively the field of acid 
silicates and even of metasilicates MeO.Si02 and leaves only the orthosilicates 
2 MeO.SiOg. This is shown in the table. 

TABLE OF SILICATES 

(Stabiuty From IMelting-point Diagrams and Heats of Formation) 


Silicate index 


4 

2 

I 

Rb*0 — CSaO 

RbaO. 4 SiOa 

1 

1 

K2O 

K2O. 4 SiOg 

C — 

KjO. 2 SiOj 

A 38-4(2) 

KjO. SiO, 

B 63-0 (2) 1 

NajO 

1 

NajO. 2 SiOa 

B — 

Na,0 SiOj 

A 68-4 (I) 

2 NagO. SiOa 

C — 

Li,0 1 

j _ 

LiaO. 2 SiOa 

C — 

LigO. SiO a 

A — 

2 Li^O. SiOa 

C — 

BaO* 1 

1 

BaO. 2 SiOa 

c — 

BaO. SiO a 

A 267 (i) 

2 BaO. SiOa 

A 21-7 (3) 

SrO 1 

SrO. SiOa 

A 21*2 (3) 

2 SrO. SiOa 

A 29-4 (3) 

CaO* 

Field of crystallisation 
of silica 

OaO. SiO a 

B 21*6 (i) 

2 CaO. SiO, 

A 32-6 (3) 

MgO 

J 

1 

MgO. SiOa 

C — 

2 MgO. SiOa 

A — 

MnO 


MnO. SiOa 

C 1-46 (i) 

2 MnO. SiOa 

C — 

ZnO ' 

1 

\ 

2 ZnO. SiOa 

C 12-4 (4) 

FeO 1 j 

1 


2 FeO. SiOa 

C II-3 (5) 


(z) In the meltipg-point diagrams, A = the very stable compounds, the next stable, 
B. Compounds with non-congruent melting points or a flat solidification curve are 
denoted by C. 

(2) Heats of formation are in kcal.toole of SiOj, the figures are taken from the 
following sources: (i) Bichowski and Rossini: (2) Kelley—4k)ntributions to the data 
of theoretical metallurgy—I7.S. Bwr. Mines ; (3) Pascal, TraitS de chimie minirale ; (4) 
Maier, U.S. Btir, Mines BuU., 324 ; {5) Landolt, III Ergheft, 1936, 3, 2776. 

’ Greig, Amer, J, S«., 1927, 13, i and 133. 

* 2 BaO. 3 SiOj fC) and 3 CaO. 2 SiOj (C) are omitted. 
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At the same time the stability of the silicates formed varies. This stability 
can be inferred from the solidification diagrams themselves. As is well 
known, a pointed solidification curve means a very stable compound, whereas 
a flat curve means a compound strongly dissociated in the liquid phase. 
Contributory evidence is given by the heats of formation of the silicates. 
Both arguments point to the decreasing stability of silicates when going 
from the alkali silicates to ferrous silicate and to a gradual shift of stability 
towards the basic side (see table). 

A third fact worth noticing is that between the zones rich in silica on 
one side and the zone of stable silicates on the other, there is a narrow region 
where silica is still the first solid to crystallise, in the form of tridjmite, and 
where the solidification curve drops very steeply. In the SiOg-KgO md 
SiOg-NagO systems, for example, the curve actually crosses the ideal line. 
In the case of LigO, the curve shows a similar tendency. Other curves 
become nearly vertical. 

Activity of Silica in Binary Silicate Melts 
In Fig. 2 we have attempted to show the trend of the activity of silica 
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In the case of CsgO, it is not possible to distinguish from the data of 
Kracek whether the ideal solution of Si02 is a solution of SiOg in CsgO or 
in a silicate such as CsgO-a SiOg. The first hj^othesis is untenable as the 
two materials have a very strong mutual affinity. The second hypothesis 
must be the correct one. 

For an}^ composition of the melt, the proportions of SiOg and (CS2O.2 SiOg) 
can be calculated and the activity of silica taken as its mole-fraction in this 
system. The curve has been drawn accordingly. For the other systems, 
eqn. (5) has been used to compute the activity of silica from the solidification 
curve. The result is only approximate because of the assumptions made 
in the derivation of the equation. The first part only of the curve can be 
deduced from the solidification curve. It is drawn as a continuous line. 
The activity decreases rapidly when drawing away from the saturation in 
silica and tends towards negative deviation values. There is a certain 
similarity between the activity curve (at a given temperature) and the 
solidification curve and a steep solidification curve means a rapid drop in 
activity. In the region of formation of silicates, the activity of silica and of 
free oxide must be small when the silicate is veiy stable and only slightly 
dissociated, and particularly so when several silicates are formed. This is 
shown in Fig. 2. 

In the case of the SiOg — FeO system, Chipman®^ has shown that at 
1600° c. FeO had the same oxidising power on steel as if there was no 
combination. This means that the solution is ideal for FeO and that the 
activity of SiOg should run as a straight line in the same domain (Henry's 
law). MnO is more basic than FeO in the SiOg — MnO system and the 
curve should show an intermediate behaviour. 

There is an interesting confirmation of the trend of the curve in the 
SiOg — CaO system in a recent paper by Chang and Derge.® The authors 
have succeeded in making a potentiometric determination of the activity 
of silica in fused calcium silicate and in the ternary system 
SiOg — AlgOg — CaO by dipping into the fused slag two electrodes, one of 
graphite, the other of silicon carbide. At 1600® c. the authors give five values 
for the actmty of silica at different compositions; these are shown in 
Fig. 2 and they agree fairly well with the curve drawn. 

It is, therefore, a general characteristic of these systems that in a fairly 
narrow interval of concentration, the activity of silica varies from a veiy high 
to a very low value. The main difference between the different systems is 
the position of this inter\"al. This trend, which is very rarely found in 
organic or in metallic solutions apparently explains certain influences acting 
on slag-metal equilibria such as the shift in the value of J^mh (equilibrium 
constant of manganese) when the ratio of SiOg to CaO exceeds equimolecular 
proportions in the slag.® 

Activity of Oxides 

In simple systems the activity curve of one component can be deduced 
from that of the other by the use of the Gibbs-Duhem equation. It was 
hoped to make use of this method in the present case but unfortunately the 
activity curves of silica are not known with the required precision. However, 
approximate deductions should be possible and the activity of the oxide 
should increase rapidly in a certain domain of composition more basic than 
the composition of the stable silicates. 

There is, on the other hand, an important difference between the activity 
curves of oxides and those of silica. At all temperatures below about 

® Chang and Derge, Met. Tech., Oct., 1946. 

® Krings and Schackmann, Z. anorg, Chem., 1932, ao6, 337. 
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1700° c. the solution can be saturated with silica so that the activity of 
silica reaches unity at a certain point. The activity of the oxide is some¬ 
times prevented from reaching unity at the temperature considered by the 
crj^staUisation of a given silicate. This is, for example, the case in all the 
silica-alkaline earth oxide systems where the orthosilicate, or even in the 
case of BaO, the metasilicate separates out before the solution can be 
saturated with the oxide. This difficulty in obtaining very basic slags can 
be surmounted by the admixture in sufficient proportions of AlgOg, FeO, 
or CaFg as has been shown by Korber and Oelsen ® who have insisted on this 
important point. Fig. 2 attempts to show the trend of the activities of the 
oxides but unfortunately the curves drawn are very uncertain. 

Gonstitutioii of Silicate Melts 

Warren and Pincus have shown that in the case of alkali and alkaline 
earth oxides the order of the solidification curves of cristobalite was the same 
as the order of zjr where z is the valency of the cation and r its radius, this 
ratio expressing the relative attraction of the oxygen atom for the metallic 

cation. Dietzel ^ prefers the ratio where a is the sum of the radii of 

z z 

the cation and of oxygen. The order of ^ and - is the same for the alkali 
and alkaline earth oxides. On the other hand, using - the order should be : 

Ca *— Mn (Fe, Zn) Mg, using ^ it should be Ca — Mn — Fe — Mg — Zn. None 

of these sequences accords well with the liquidus lines which show rather the 
sequence: Ca — Mn — (Zn, Mg) Fe. 

This shows that the increasing inability of the various oxides to loosen 
up the structure of silica and solubilise silica is connected with the increasing 
attraction of the oxygen atoms for the metallic cations or to the fact that the 
oxygen is less and less available for entering the silicon tetrahedra and form 
simple SiOJ“ ions. Dietzel has discussed the subject in detail. It can, 
therefore, properly be said that iron and similar silicates are strongly dis¬ 
sociated in free siHca and free oxide, but this is not in contradiction with the 
electrolytic dissociation which is manifest from conductivity measurements 
and electrolysis and it leaves open the question whether the electrolytic 
dissociation is complete or only partial. If the electrolytic dissociation is 
complete we should consider a fused sodium silicate as containing SiOJ", 
SigOj®", SiOa^ and similar ions together with Na+ ions, and fused ferrous 
silicate as containing, in addition to the same silicate ions or ions more highly 
loaded in silica, Fe++ and O— ions. The oxygen ions would be prevented 
from entering the silica structure by the attraction of the Fe++ ions. 

If the electrolytic dissociation is considered as incomplete, there should 
be, in addition, molecules of silicate and molecules of firee oxide. The various 
inanifestations of the presence of free metallic oxides might speak in favour 
of partial dissociation. According to Kheinman^® at 1600° c., fayalite 
{2 FeO.SiOg) might contain 2 Fe**-^, 075 0 —, 0*25 SigO?", o-i6 Sijdp. This 
corresponds to 37-5 % of the oxygen of the iron oxide as free and 62*5 % 
combined in the silica anions. 

Summary 

An attempt has been made to show that the concept of thermodynamic activity 
is useful, and even necessary, in the study of silicate melts, and that the melting-pomt 

'^Warren and Pincus, J, Anter. Ceram. Soc.^ 1940, 301. 

^ Dietzel, Z. Elektrochem., 1942, 48, 9. 

^ K he i nma n, BuU, Acad, Sei. U.R.S,S., 1946, 1439; Brit, Abstr. 1947, 2674. 



M. REY 


*65 


diagrams can be used together with data on the stability of silicates and some recent 
potentiometric determinations to get some idea of the change of activities. The 
connection between the activity curves and the molecular constitution of the melt has 
been discussed. It is believed that more precise data might be obtained by vapour 
pressure determinations of some volatile oxides and in other cases of silica. This work 
would be worth undertaking. 

Ecole Nationale Supirieure des 
Mines de Paris, 

Paris, 
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This investigation into the conductivity of silicate melts has two objects ; 

(a) to make measurements relating to the theory of the conductivity of 
ionic melts which at present exists in substantial form only for simple salts 

(b) to study the structure of the systems in the molten state. This object 
is of additional importance since systems such as MO — Si02 or M2O3 — Si02 
(where M is a di- or tri-valent metal) are the simplest of the systems to which 

slags " belong. These S5rstems are still generally regarded as consisting 
of undissociated oxides* ® ^ and silicate compounds " in solution in contrast 
to consisting of ions. The latter of these hypotheses is indicated by an^ogy 
to similar systems ® e.g,, glasses, but experimental proof has been lacking. 

Methods of Investigation of M0-Si02 Systems in the Molten State 

The following methods of investigating these systems are possible : 

(i) equilibrium studies of the distribution of an element between molten 
metals and molten silicates; (2) density determinations; (3) viscosity 
determination; (4) X-ray analysis ; (5) e.m.f. measurements; (6) electric^ 
conductivity measurements; (7) electrolysis. 

Work done on the first of these methods has been regarded as supporting 
the undissociated oxide theory.* ® * Thus, satisfactorily constant values 
for Kq, the equilibrium constant for the distribution of Fe between Fe and 
a slag containing FeO have been obtained on this assumption. In these 
calcuLations pure ferrous oxide has been taken as the standard state, i.e., 
<atFeo = I- However, no numerical difference in the calculation of the 
equilibrium constant in the slag ensues if FeO is totally dissociated, i.e., if 

1 Frenkel, Z. Phystk., 1926, 35, 652 ; idem., Kimtic Theory of Liquids (Oxford, I94^)* 

ShunsuheSisido, J. Chem. Soc. Japan, 1938,59,673; 1941, 6a, 381; 1941,6a, 592. 

a Schenk, Physical Chemistry of Steel Making (London, 1945), 324. 

* Kbrber and Oelsen, iVItW. Kaiser-Wilhehn Inst. Eisenforsch., 1933, 15, 272; Darken, 

Trans, Amer. Inst. Min. Met. Eng,, Tech. Publ., 1942,1481. 

* Fontana and Chipman, Trans. Affter. Soc. Met,, 1934* *», 385: Chipman, Trails. 

Amer. Soe. Met., 1934, ^>3^51 Fetters and Chipman, Met. Tech., I 94 i> Tech. 

Publ, 1316; 

Taylor and Chipman, Trans. Amer. Inst. Min. Met. Eng., Tech. Publ., 1943, 1499 * 

* Doelter, Handb. Mineralchem,, 1912, i, 716; Smekel, Glass tech. Ber., 1929, 7, 265 ; 

Eitel, Physikalische Ckemie der Silikafe (Leipzig, 1929), 95. Muller, Physik, Z. 

Sowjei., 1932,1, 407 ; Schwarz and Halberstadt, Z, anorg. Chem., 1932, 203, 365 ; 

Lengyel, Z. phystk, Chem. A,, 1933, 167, 295 ; Muller, Acta Physicochim., 193 5 » 

a, 103; Smekel, Physik regel Ber„ 1940 (Ber. 8, Heft 4): Lengyel, Glass tech. 

Ber„ 1940, x8, 177; Endell and Hellbiugge, ref. 12. 

•r* 
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= I. Hence, agreement with experiment in these calculations implies 
either the correctness of the undissociated oxide theory or that of complete^ 
dissociation into ions.* 

A knowledge of the influence of composition and temperature on density 
is important in the detection of constitutional changes in the molten state ^ 
and in the calculation of equivalent conductivities.’ The few determinations 
available show that, as a first approximation, the volume change on melting 
or crystallisation can be taken as the same as the difference in the volume 
of the silicate and its unfused constituents at ordinary temperatures. 

A knowledge of \dscosity is also important because the \TScosity isotherms 
may give information on the existence of compounds in the melt. Work 
in this field has aroused some controversy in recent years owing to conflicting 
experimental results and the position is still unresolved.® 

The X-ray analysis of silicate melts involves considerable experimental 
difficulties.® It has been shown that silicate tetrahedra exist in various 
forms depending on the Si /0 ratio in the system. 

E.M.F. measurements would make possible the elucidation of the activities 
of components of silicate melts, but it is difficult to find an electrode S5^tem 
which functions satisfactorily in silicate melts (see, however, Chang and 
Derge Further, large thermoelectric e.m.f.s arise in the measurements 
and make deduction of the true, revemible e.m.f. uncertain. 

The measurements of the conductivities and electrolysis of silicate melts 
are free of some of the difficulties of the methods mentioned above and can 
give definite e\idence concerning their constitution. Determination of 
the energy of activation involved in this process from the temperature 
coefficient of conductance also gives direct information on the mechanism 
of current flow.’ 

Results of Previous Work on Conduction of Silicate Melts 

Extensive measurements of the conduction of silicate systems have been 
carried out in the solid state and at lower temperatures (looo® c.). Pre\dous 
work in the molten state has been mainly technological and ad hoc m 
character and has consisted largely of measurements of complex systems. 
Measurements of the conductivity of a simpler binary mixture, of which 

•Day, Sosman and Hostetter, Amer. /, Set., 19x4, 37, i; Lorenzo Hochberg, Z, 
anorg, Chern,, igiO, 94. 288; Jaeger, Z. anorg, Chem,, 1917, 101, 51. 

’ Bloom and Heymann, Proc. Roy, Soc, A, 1947, 188, 392. 

•Herty et a/., Min, Met. Invest. Bull., 1930, 47; Endell and Heidtkamp, Glass tech. 
Ber.t 1936, X4, 89 ; idem., Inst Soc. Glass Tech.. 1938, an, 235 ; Endell and Hax, 
Archiv. Eise 7 thuitefiw., 1936, xo, 85; Rait and Hay, J Roy. Tech. Coll., 
Glasgow, 1938, 4, 252 ; Preston, J. Soc. Glass Tech., 1938,22, 45 ; Rait, McMillan 
and Hay, J. Roy. Tech. Colt., Glasgow, 1939, 4, 449 ; Kozakei’itsch, Lejba and 
Komer, Conference on Vtscosiiy of Liquids and Colloidal Solution, V.R.S.S., 

1941. *• 

•WaxTen, J. Amer. Chem. Soc., 1934, ^ 491 2 ^. Krist., 1933. 86, 399; idem.. 

Physic. Rev., 1934 * 4 ®» ^57 I ‘Warren and Loring, /. Anier. Ceram. Soc., 1935, 
x8, 269; Warren and Hill, Z. Krisf., 1934* 89. 4^1 * 'V^^arren, Cnitters and 
Morningster, J. Amer. Ceram. Soc., 1935,10, 30 ; Schiebol, Glass tech. Ber., 1937, 
15. 231J Amer. Ceram. Soc., 1937, 19, 339, 347; Hartleif, Z. anorg. 

Chem., 1938. !?38, 353 ; Porai-Kosits, Uspekki JKhtm., 1944. * 3 » ^^5 * Parmalee, 
Clark and Badger, J. Soc. Glass Tech., 1929, 13, 2S5 ; Clark and Amberg, ibid., 

1929. 13* 290. 

Chang and Derge, Met. Tech., 1946, Tech. Publ., 2101. 

“Farup, Fleischer and Holtan, Chem. IndvsUie, 1924, 12, ii; Wejnarth, Trans. 
Amer. Electvochem. Soc., 1934, 65, 177, and 1934, 66, 329; Volarovich and 
Tolstoi, J. Soc. Glass Tech., 1936, 20, 54. 

• It is improbable that it implies partial dissociation because the degree of dissociation 
would then have to remain constant with change of composition of the melt, which is 
unlikely. 
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some theoretical interpretation might be possible, are only available in 
one case.^® 

The experimental technique of previous work, where described, is open 
to substantial criticism. Thus, the use of carbon crucibles and electrodes 
is objectionable in studying these systems owing to the reaction of C with 
the slag, admitted to have occurred by Farup, Fleischer and Holtan.^^ 
Oxidation of the Fe crucible took place in the experiments of Wejnarth,^^ 
and temperature measurements carried out with an optical pjirometer 
focused directly on to the surface of the slag are of doubtful vali<fity owing 
to errors caused by fumes and uncertain emissivity.^® 

Endell and Hellbrugge examined the S5^tems LigO—SiOg, Na^O—SiOg 
and KgO —• SiOg over the temperature range 1230^-1450® c. and the composition 
range 10-40 % MgO. A general tendency for specific conductivity (x) to 
increase with decrease of ^iscosity (7]) was obser\’ed. x increases with ion 
concentration and a decreasing Si /0 ratio. 

Martin and Derge,^® in an investigation of the ternary" system 
CaO—AlgOg—SiOg over the temperature range I400®-i620° c. and the 
composition range 35'i5~5o-i % SiOg, 35‘i-50*05 % CaO and 5 * 0 “i 97 % 
AlgOg, observed a decrease of conduction with increase of " basicity.” The 
relation reported between x and composition is complex. For some 

compositions a plot of log. x against-^undergoes sudden changes. 

From consideration of the above summary, the w^ork most urgently needed 
appeared to be the following : (i) systematic measurements of the effect of 
change of composition in binary systems on the electrical conductivity; 
(ii) determinations of the energies of activation of this process ; (iii) the 
choice of systems should include also ions occurring in ** slags.'* (i) and (ii) 
require measurements at the highest practical temperatures, so that the 
largest possible range of compositions may be examined m the molten state ; 
and so that reliable calculations of energies of activation can be made from 

a plot of loge X against ^over as great a temperature range as possible in the 

liquid state. Measurements have therefore been made up to 1800® c.; the 
loss in accuracy incurred by working at the highest temperature is considered 
to be justified in view of the requirements (i) and (ii). 

In agreement with the requirement (iii), the systems examined were; 
CaO—SiOg, MnO—SiOg and AlgOg—SiOg, in agreement with the relevance 
of such a study to the constitution of slags *' mentioned above. 

Experimental 

(i) Materials. — Silica : Precipitated SiOj was unsatisfactory because its 
bulk before fusion caused the depth of the fused melt in the crucible to be 
very small. Silica ’was hence obtained from natural quartz, heated to about 
1000° c., quenched, acid-w^ashed to remove Fe203 and ground in a pestle and 
mortar of agate. 

Lime : CaO -was obtained by the ignition of a.r. CaCOs. 

Manganous Oxide : MnO 'was prepared from a.r. Mn(COO)a by heating the 
latter substance to 1000® c. in an atmosphere of forming gas (75 % Na, 25 % H^) 
in a nichrome-wound silica tube furnace. Chemical analysis showed the purity 
of the oxide to be 97 % (cf., Towers and Gworek who obtained 98*7 %). 

Alumina ; Pure anhydrous alumina -was used (Hopkin and Williams). 

^ Endell and Hellbrugge, Naiitrwiss., 1942, 30, 421; Archiv, Eisenhuttenw,^ 1941, 

14. 307- 

13 Iklaxtin and Derge, Met, Tech,, 1943, Tech. Publ., 1569. 

To'weis and Gworek, J, West, Scot. Iron Steel Inst., 1943-44, 51, 123. 
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SiOa, CaO and AlgOs were ignited to constant weight before use. MnO was 
dried to constant weight. 

(li) Furnace and Conductivity Cell (see Fig, i).—Three furnaces, all 
metal resistance t5rpes, were used in this work and are described in detail in 
another paper.i® Most of the measurements reported here were carried out in 
the tube-t]^ Mo-resistance furnaces. The atmospheres used were hydrogen 
argon or forming gas.* ' 


. Key :— 

A 

A. Gear for raising and 

lowering electrodes. 

B. Furnace Tube. 

C. Molybdenum Electrodes. 

8 D. Molybdenum Sighting 
C Tube. 

D 

n E. Molybdenum Crucible 
^ containing melt. 

F F. Furnace Case. 

G 

G. Alumina Pedestal. 




Mgasurirt^ Circuit, 


Fig, I. 


The gases were dried by passage through H4SO4 and 6 ft.-long tubes containing 
PfO*; the presence of traces of water vapour in the furnace atmosphere was 
reduced by preliminary heating overnight at 5oo--iooo‘^ c. 

The temperature range e xam in e d eliminates the use of a large number of 
refractory materials (e.g., Pt), otherwise useful for the construction of crucibles 
Mo was chosen because of its resistance to the attack of the melts examined in 
this work. Mo crucibles 2-3^ high and 2" diam. were made in the laboratory 
by a welding proce^.'* These dimensions were chosen as an optimum to meet 
the conflicting requirements of the desirability of a large crucible size to increase 
the measured resistances and of a small crucible size to increase the temperature 
uniformity of the cell, ^ 

The electrodes could be lowered into the melt by means of the arrangement 
shown diagrai^aricahy in Fig. i and described in detail elsewhere.^* The point 
of ccmiBct of ^e electrodes wth the melt was detected by a sharp change in the 
^istance l^tween them and this was determined to within about 0*1—0*2 mm. 
The electrodes were immersed for about i cm. in the melt during measurements. 

(iU) Tempenitoe measarements were made with optical pyrometeis of a 
roecia^esign sighted on closed end of a molybdenum tube 2-3 Tnun above 
^ slag,” The absolute accuracy of these tempeiatare measure- 

° I- ^ ^ ±5° by comparison with a 

K/Pt Eh thermocouple and the self-consistency among tibree different 
^e^rs ^to 1800 c. had the same limits, which must be considered satis- 
m meas^ temperature at about 1700“ c. between a 
surface of the melt and 1-5 cm. below it was about lo" c. 

Kitchener and Bockris, This Discussion. 

^ measurements in the system MnO—SiO, 
S^O). method of preparation 

experim^ti ^ atmospheres used was wikn the 
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(iv) The electrical circuit consisted of a Wheatstone capacitance- 
resistance bridge, the capacitance being in parallel with the adjustable resistance 
of the bridge. The bridge circuit was connected with a Wagner earth.^* A 
beat frequency oscillator was used with a frequency range of 500-10,000 c./sec. 
and an output of i*6 w. The frequency normally used was about 1000-1500 
c./sec. and of pure sinusoidal form. Earphones were used and the detection of 
sound minima was facilitated by use of a sound-proof cabinet. (Reproducibility 
of balance point on a given melt under apparently constant conditions was i %.) 
The A.c. furnace heating-current was induced into the bridge circuit (the electrodes 
being at a potential of about 150 v. when the furnace \vas “ on ”) and this 
provided a background noise in the earphones so that the furnace current was 
switched ofE during measurements. 

A conventional rule,^® valid for aqueous electrolytic solutions, states that to 
eliminate polarisation the area of the electrodes must be >io/i? sq. cm. in area, 
where JR is the resistance to be measured. This rule could not be folio-wed because 
■the electrodes required -would have an area of 10-100 sq. cm. which was not 
practicable. Further, it was not possible to use one of -^e walls of the metal 
crucible as one electrode because this would have made the resistance of the 
cell at -the highest temperatures too small to take measurements of value. 
Molybdenum rods about 0*2 mm. thick were hence used as electrodes. The 
ceU constant was measured at room temperatures, the cell being filled to various 
depths with o-i n. KCl solution. 

At -the highest temperatures the resistance be-tween -two most distant points 
on the crucible -was 6 x ohm. This -w^as always at least 10 times less than 
the minimum resistance of the most highly conducting slag. It can be shown 
that under these conditions the net cell constant should be independent of 
concentration, i.e., of the composition of the electrolyte, so that the cell cons-tant 
obtained by measurements -with the aqueous solu-tion could be used for measure¬ 
ments with the silicate melts, -without spurious effects due to conduction through 
the sides of the crucible. 

Measurements of the cell constant were carried out at different depths of 
immersion of -the elec-fcrodes because owdng to the effect of the conducting bottom 
of -the crucible, the cell constant is not proportional to the depth of immersion, 
unless the electrodes are more than i*8 cm. above the bottom. 

The effect of -fcempera-ture on the cell constant is difficult to calcula-te because it 
includes effects due to -the expansion of the elec-fcrodes, the temperature gradient 
along which is not accurately known, -the expansion of the crucible and the 
expansion of the slag. The net expansion was therefore obtained empirically 
by determining the point of con-fcact of -the elec-fcrodes with the melt at various 
■temperatures. Over the temperature range i200°-i7oo® c. it was found to vary 
by o-i8 cm. 

The resistance of the molybdenum electrodes and other leads was measured in 
the cold and from this the maximum value was found at 1800° c. by calculation 
on -the assumption -that the w’hole length of the electrodes was at this tempera-fcure 
(0-01-0*02 ohm). 

Hence, 


where Cr^r, is the cell constant for a given depth of the melt (Vy) and depth of 
immersion of electrodes (yj); R is the apparent net resistance and I the resistance 
of the leads. 

(vl) Tests for Electrolytic Polarisation.—Electrolytic polarisation 
genex^y decreases -with increasing temperature and was expected to be small 
at the high tempera-fcures used. This -was tes-fced experimentally in tw^o ways. 
The conductivity of a 65-35 % CaO—SiOg mixture was measured at 1650® c. 
(a) for various depths of immersion of the electrodes and (b) for various fre¬ 
quencies be-fcween 500 and 10,000 c./sec. When allowance was made for the 

Kohlrausch, Leiivenndgefi der Electrolyte (Leipzig, 1898), ii. 

Cuthbeitson and Waddington, Trans. Faraday Soc,^ 1936, 3a, 745. 

Jaeger and Kapma. Z. anorg. Chew., 1920, lax, 27. 

See Jones and Joseph, J. Amer. Chew. Soc., 1928, 50,1049. 
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change of cell constant with depth of the electrolyte mentioned above, the 
conductivity was found to be approximately proportional to the area immersed, 
thus indicating the absence of polarisation. (The cross-section of the electrodes 
was of negligible area in this context.) In support of this, change of frequency 
under the conditions mentioned affected the conductivity by <i % at about 
1650® c. 

(vH) General Procedure.—^The dry components are mixed in appropriate 
proportions and shaken in an air-tight glass vessel for about i hr., or agitated 
in a ball mill to ensure homogeneity. The crucible containing the powdered 
mixture is placed on an alumina pedestal in the middle of the furnace tube, the 
furnace sealed and the temperature raised in the course of some hours to 1750° c., 
this temperature being maintained for about one hour to ensure homogemsation 

and the elimination of 



bubbles from the melt. 
After determining the 
position of the slag sur¬ 
face, the electrodes are 
inserted to a depth of 
I cm. in the melt, the 
furnace current turned off 
and readings of conduc¬ 
tivity and temperature 
taken during cooling. 
Readings are continued 
until the temperature is 
well below the m.p. of 
the material under exa¬ 
mination, and then the 
run is repeated whilst the 
temperature is increased 
up to 1800® c , the fur¬ 
nace current being 
switched off when read¬ 
ings were being taken. 
In some measurements, 
a few seconds elapsed 
between readings of con¬ 
ductivity and tempera¬ 
ture and this may add 
about 3® c. to the uncer- 
tamty of the temperature 
reading.* A new molyb¬ 
denum crucible is used 
for each experiment. 

(vlii) Accuracy of 
Measurements. — The 
accuracy of the measure¬ 
ments is low when com¬ 
pared with that of good 
work on molten salts at 


Fig. 2. 


temperatures<1000® c.^® 
The three main causes of 


this are ; (i) creep of the melt up the Mo electrodes may change the effective 
ceU constant; (ii) the distance between the electrodes can be obtained only to 
within 1 mm. in about 25 mm.; (iii) at the highest temperature for some 
slags the resistance to be measured falls slightly below o<i ohm and the 
accuracy of determination of such resistance by a Wheatstone network is not 
high. 


* The rate of cooling of the system was about io®-20® per minute for the temperature 
lange i8oo®-i7oo® c.; the total time taken for the s3'stem to cool from i8oo®-iooo® c. 
was about 4-5 hr. in a forming-gas atmosphere. 
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The reproducibility of x was about i 5 % in the liquid state and somewhat 
less in the neighbourhood of the m.p., where very small variations of temperature 
cause large variations in conductivity. 

Results 

Representative results * are shown in Fig. 2-9 and in Tables I-IV. Results 
reported are essentially for the molten state only. The composition ranges 
quoted are those which are liquid over an appreciable range above file 
temperature 1600® c. 

Some initial measurements 
were carried out on the typi¬ 
cal system CaO, AI2O3, SiO®, 
which had been examined by 
Martin and Derge. Substan¬ 
tial agreement (Qie discrepan¬ 
cies varying with composition 
from 3-10 % at 1600® c.) was 
obtained vith the results of 
these authors. 

The specific conductivities 
of the CaO—SiOa and MnO — 

SiOj systems are high (see 
Table I), and greater than 
that of a normal solution of a 
strong electrolyte at ordinary 
temperatures (e.g., for a n, 
aqueous KCl at 25®, x is 
o*n mhos). The extrapolated 
(hypothetical) conductivity 
of CaO at 1700® c. is of the 
same order as that for CaCl2 
at that temperature. The 
extrapolated (hypothetical) 
value for MnO is somewhat 
greater. The conduction of 
the AlaOa—SiOa system is lower than that of AICI3. 

There is a general increase of conductivity with concentration of MO for 
CaO—SiOa and MnO—SiOj (Fig. 2 and 3 and this is also in itiallytrue for 
AlaOa—SiOa (Fig. 3). Two conducti^’ity isotherms are shown for each system 
respectively (Fig. 2, 3 and 4), one at 1700® c. and the other at the lowest 
temperature in which a substantial composition range remains molten. In 
CaO—SiOa and MnO—SiOa, no minima occur in these relations, which pass 
through the composition corresponding to the compounds existing according to 
the phase diagrams in the solid state, without significant inflection. 

The conductivities increase exponentially with increase of temperature (Fig. 

5, 6 and 7). The slope of the plots of log x against Hneax for considerable 

temperature ranges, undergoes inflections in some systems. 

In the neighbourhood of the melting point the variations of conductivity 
with temperature are complex and will not be described in detail until a fuller 
investigation has been completed. The typical sudden decrease in conductivity 
(shown in Fig. 8) took place below the m.p., according to the phase diagram. 
Measurements taken on heating in this region showed hysteresis, the conductivity 
being lower on heating than on cooling up to approximately the melting point. 

Comparison bet^^^een conductivity and \dscosity can be made over only short 


TABLE I 


Comparison of Conductivities of Various 
Systems at 1700® c. 


i 

System i 

1 

Approx. 
Composition 
Studied 
(Mol frac. 
MOorM--*-) 

Xi7«o (mios) 

CaO—SiO, 

o- 25 -o *44 

0*2-0'9 

CaO 

[ 1*00 (extrap) 

3 (extrap) t 

CaCIa 

i-oo 

5 (extrap) t 
(i*99at8oo® c.) 

MnO-SiOo 

o*35-o*8 

o-6-g-5 

MnO 

I'oo (extrap) 

10 (extrap) t 

AlaOa-SiOa 1 

o*oi-o*ob 

o*ooo6-o-oo4 

AlCl, 

1*00 

o»o5 approx, 
(extrap) 

KCl 

1*00 

4-1 

(2*19 at 800® c.) 


t Extrapolated in from experimental data of this 
paper at 1700® c. 

{ Extrapolated to the hypothetical value 1700® c. 
according to the formula given by Drossbach.*® 


*® Drossbach, EUhtrochemie geschmolzener Sake (Berlin, 1938), 72. 


• Not all those points which compose a continuous relation are eidiibited in the 
figures, in order to preserve clarity. 
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ranges of composition * (Fig. 9). A parallelism between fluidity and conductivity 
exists but conductivity decreases more rapidly with increase of Si /0 ratio than 
does viscosity increase. 

Preliminary attempts at electrolysis in the system CaO—SiOj ( 35-^5 %) were 

carried out at 1450° c. 
They were discontinued 
owing to dfficulties in 
finding a suitable elec¬ 
trode system. (The 

molybdenum anode 
dissolved on passage of 
current; C electrodes 
are attacked.) After 

electrolysis for about 
I hr. at a current of 2 
amp., some whiteness 
appeared in the neigh¬ 
bourhood of the ancde. 
It is possible that this 
indicates the anodic formation of SiOj (cf., Martin and Derge 

(ix) Comparison 
with Previous Work. 

—^The only comparable 
measurements are those of 
Endell and Hellbrugge.i*t 
A quantitative compari¬ 
son between the present 
results and those for the 
MgO—SiOj systems is 
given in Table II for the 
i/i ratio at 1300® c. 

Comparative values of 
viscosity and of what 
may be called “ ion-oxy¬ 
gen attraction/’ i.e., the 

quantity 2^, (where z is 

the valency of the cation, 
and r the distance be¬ 
tween the centre of an M 
ion and an O ion at the 
distance of closest ap¬ 
proach) are also given. 

If it is assumed that the 
dielectric constants of the 
various systems are ai>- 
proximately the same.*^ 
a reasonable assumption 
in similar systems, the 
ion-oxygen product is 
obviously proportional to 

® Eitel, Physikalische Chemie der Silikate (Leipzig, 1929), 115. 



TABLE II 


Conductivity, Viscosity and Ion-Oxygen Product of 
i/i MaO—SiOa AND MO—SiOa 


System 

Radius 

of 

Cation 

Ion-Oxygen 

Attraction 

X I0“1« E.S.U. 

>Ci3oo 

(mhos) 

■ 5 Q 

(approx.) 

(poises) 

MnO—SiOg 

0'9i 

o*8i 

0-53 

2 

CaO—SiOfl 

1*10 

0*69 

o*i8 

16 

LigO—SiOg 

078 

0*45 

0*12 

6 

NagO—SiOg 

1*10 

0*35 

0*07 

4 

KgO-SiOg 

1-39 

0*27 

o*i6 

I 


* The data on viscosity,* mainly for comparatively low temperatures, are very 
limited and particularly in need of extension. 

f Even with these measurements, comparison is difdcult because they were carried 
out at a much lower temperature than that of most of the present work. Thus the 
value at 1300* c, for the CaO-SiOj sj’stem given in Table II is extrapolated from the 

loge X - relation in the molten state. 
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Change of Conductivity at m.p. for Typical Electro¬ 
lytic AND Electronic Conduction and for Silicate 
Melts 


the coulombic attraction between and O*". Of the five results, four are 
in the same order as their ion-oxygen products and the conductivity of the 
divalent systems is in both cases higher than that of the monovalent systems. 

Discussion 

(i) General Mechanism of Conduction.—Conductivities of the CaO—SiO* 
and Mn0-~Si02 melts have the same order of magnitude as those of typical ionic 
melts (CaCl2 or KCl) extrapolated to the same temperature. This might be 
regarded as satisfactory proof of the ionic mechanism of the conduction process 
in the former systems. As the undissociated oxide structure is generally 
assumed for these systems, however, some discussion of the evidence for their 
ionic constitution will be given. 

Firstly, in a general way it is improbable on the grounds of the nature of CaO 
and MnO in the solid state that their melts would consist of '‘compounds,'* 
i.e., essentially undissociated entities of no net charge. CaO and MnO are ionic 
solids having the rock-salt structure, e.g, CaO has about 75 % " ionic 
character ** in comparison with about 80 % “ ionic character ** possessed by 
NaCl. Also, the colour of fused MnO—Si02 mixtures up to 60 % MnO is 
distinctly pkik, thus indicating the presence of manganese ions. 

The principal facts 

directly in favour of a TABLE III 

predominantly ionic con¬ 
duction in the systems 
examined here may be 
summarised as f oUovrs:— 

(1) Increase of con¬ 
ductivity with increasing 
temperature is expected 
for ionic, not electronic 
(metallic), conduction.®* 

The energy of activa¬ 
tion/mol. (Ea) is about 
10-35 kc^. which is 
typical of the energy 
of activation for ionic 
conduction known from 
experiments on ionic 
soHds. 

(2) In the systems 
MnO—SiOj and CaO— 

SiOt, the conductivity 
is of the order of lo-^ 

—10 mhos over the 

composition examined and lo-*—io-» mhos for AljOa—SiOa. Conversely, 
molybdenum, a fair electronic conductor, has a conductivity of about 2 x 10* 
mhos at 1700® c. and the extrapolated (hypothetical) value for Bi, a bad 
electronic conductor, is about 4 x 10* mhos at 1700® c. 

(3) The conductivity of the systems containing CaO and MnO increases 
regularly with increase of MO; this type of dependence on concentration is 
usually associated with ionic conductors. 

(4) A characteristic of ionic conduction is a rapid decrease during the transition 
from liquid->solid; of electronic conduction a corresponding relatively small 
increase (see Table III). 

Thus, CaO—SiOi and MnO—Si02 have a ratio of the same order as ionic melts 
such as CdCly in which ionic conduction has been conclusively proved. This 
ratio is also important as a measure of the imperfections in the lattice ; the 


S3rstem 

X (above m.p.) 

X (below m.p.) 

Remarks 

NaCl 

3X10* 

Tj^pica-l ioific melt 

CdClj 

2x10® 

Typical ionic melt 

AgCl 

3X10^ 

Typical ionic melt 

Hg 

0*2 

Typical electronic 
conductor 

Pb 

0-5 

Typical electronic 
conductor 

i/i CaO—SiOg 

2 \ 10^ 

Ionic conduction 

i/i MnO—SiOj 
AlgOa-SiO* 
(o*o8 mol. 

3 10® 

Ionic conduction 

AlA) 

I 

Possibly ionic con¬ 
duction 


®* Heinemann, Bull. Acad. Sci, U.R.S.S., 1946, 10, 1439. 
*® Wells, Structural Inorganic Chemistry (1945), 311. 

®* Hevesy, Handbuch der Physik, 1928, 13, 270. 

®® Idem., ibid., 266. 
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greater is the ratio, the more perfect the solid crystal tends to be.*® This concept 
agrees well vtdth the glassy nature of the ALOg—SiO^ system in the solid state. 

The above facts are in agreement with the concept that the mechanism of 
conduction in the systems examined is ionic It might be suggested that the 
positive temperature coefficient of conduction and order of magmtude of the 
energj' of activation could also be interpreted according to a semi-conduction 
mechanism, which is kno^m to exist in certam metallic oxides.*^ There are, 
however, several lines of e\’idence which make the mechanism of semi-conduction 
seem unlikely for the present systems. Firstly, such a mechanism is essentially 
a “ structure-sensitive ” property, i.e., it depends largely upon mode of pre¬ 
treatment, particularly oxidation and reduction, which may cause changes in 
conductiWty of several powers of lo in true semi-conductors. The conductivity 
of the s3"stems examined here was hardly affected, however, by the use of various 
gases as atmospheres. Further, there is no evidence to show that semi-conductors 
have a positive temperature coefficient in the high temperature ranges used 

here: the disorder of 



Fig. 4, 


the lattice caused by 
increasing temperature 
tends to reduce the con¬ 
duction when the tem¬ 
perature is raised and this 
tendency may overcome 
the increase of conduct¬ 
ivity with rise of tem¬ 
perature which normally 
occurs in semi-conductors 
due to the release of more 
free electrons. The paral¬ 
lelism between fluidity 
and conductivity would 
also not be expected were 
semi-conduction to be 
important here. Again, 
the specific conductivity 
of solid CaO and AlgOg 
is known at high tem¬ 
peratures,*® and is of the 
order 10-® and lo"® mhos 
respectively at 1650® c. 
This is far too small to 
give rise to the conduct- 
hities observed here. The 
conductivity of solid MnO 
was examined by the 
present workers over the 


range 500°-! 100® c. in a 

forming-gas atmosphere (which causes no reduction of MnO at fhese temperatures) 
The conductivity was found to be very considerable and to increase rapidly in the 
regicm 9oo®-iioo® c., where it is about 10* times greater than that of CaO. It is 
hence very probable that MnO exhibits semi-conduction in the solid state. 


However, extrapolation of the conductivity to 1700® c. yielded a result of about 
4 X 10* mhos/cm.*, which is about 50 times layger than that observed on 
extrapolation of the results obtained from the melt to 100 % MnO. 

Against these strong reasons for the rejection of an appreciable component of 
electronic conduction in the silicate melts examined, it "was observed that in 
melts containing a large molar fraction of manganous oxide (>• 0*8) the ratio 
X (in liquid) 

X (in solid) ^ niuch less than that observed (10*) for the other melts 


** Hevesy, Handbuch der Physik, 1928,13, 289. 

” For review see Gudden, Naturwiss^f X943, 13, 223. 
•® Podszus, Z. Ehkiyockem^, I933» 39# 75* 
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in tins and the system containing CaO. This fact, taken alone, might indicate 
an appreciable component of semi-conduction in these high MnO contents. Were 
this to occur, however, a more rapid increase of x with molar fraction of MnO 
in the range of high concentration of MnO might be expected, whereas the 
converse is observed. A quite unambiguous decision concerning the existence 
of semi-conduction in this concentration region of high MnO could only be 
obtained by examination of the Hall efiect and the applicability of Faraday’s 
laws of electrolysis. 

It can, therefore, be concluded that the mechanism of conduction in the 
systems reported here is predominantly ionic. In those containing CaO and 
MnO, comparison with the conductivity of totally dissociated ionic melts under 
similar conditions suggests that a high degree of dissociation pertains in the melt 
and in that containing Al^Oa a- low degree of dissociation. It is possible that 
some electronic semi-conduction occurs in the MnO—SiOg systems when the 
molar fraction of MnO exceeds o*8. 

(The term degree of dis¬ 
sociation is used here in a 
modem sense and implies no 
equilibrium between dissoci¬ 
ated ions and undissociated 
molecules. Thus if a is the 
degree of dissociation, this 
means that a fraction a of 
cations and/or anions is rela- 
tivel}’’ free to conduct, as 
opposed to being held under 
a coulombic or other field 
due to another entity, so 
strongly that relatively inde¬ 
pendent movement under an 
applied field cannot take 
pli:e.) 

(ii) Tentative Model of 
the Silicate Melts con- Fig. 5.—^Dependence of conductivity of CaO—SiOj 
taining Metal Oxides.— on temperature for various compositions:— 

To explain the high ionic %CaO: i, 55 % ; 2 » 5 o% ; 3 » 6 o®/o; 4 > 45 %; 

conduction observed in the 5 4 ^ /o * 35 /o» 7 > /o > 3 ^ 

systems studied, two very 

general models could be employed. Either, the melt might consist of and 
O®" ions and silica, or it might consist of M®'^, O®" and silicate ions of various types. 
In the latter modk, the concentration of free O-*- ions could be very small. The 
first model will be rejected on the following grounds, (i) The dielectric constant 
of the melt is probably about 3-6.®^ In such a medium, ionic association 
between M^'^ and O®’ would be very considerable and hence the conduction would 
be very small, (ii) The viscosity of such melts at low MnO content is large,® 
though it decreases considerably on the addition of MO ; this would only be 
consonant with extensive coupling and complex formation decreased upon 
addition of MO among the silicate groups, which determine the viscosity, (iii) 
According to X-ray data,® silicate tetrahedra are present in solid silicates at high 
temperatures. Hence, their presence seems likely in the melts, which, in 
accordance with modem views on the structure of liquids, can be regarded as a 
disordered form of the solid. 

The structure of silicates in the solid state is reasonably well known, largely 
through work of Warren * and of Zachariasen.®^ In the liquid state. X-ray 
data ® show diagrams which do not consist of sharp patterns, but indefinite rings, 
and this accords with the concept that the essential difference between the 

*» Bjerrum, KgL Danske Vid, SsiA, McU.-fys. Medd,, 1926, 7, No. 9; Fuoss, Ckem. 

Rev., 1935, 17. 227. 

»® Warren, J. Appl. Physics, 1942, 13. 602; Tech. Rev., 1942, 43, 253 and 273, 
Zachariasen, J. Amer. Chem. Soc., 1932, 54 * 3241. 
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solid and molten silicate lies in the degree of order of the lattice, the liquid state 
being characterised by an extended network lacking symmetry and periodicity. 
The molten silicate can be regarded as consisting of a series of spatial, tetra- 
hedrally-co-ordinated rings and chains, arranged in an irregular fashion. When 
a metal oxide is added to such a system, the metal ions must fit into the inter¬ 
stices of the structure. The reduction of viscosity caused by the addition of 
metal oxide suggests that this fitting into the silicate lattice causes extensive 
breakdown of Ihe original highly co-ordinated lattice so that the original spatial 
co-ordination will be converted into large configurations, then into single chains 

and finally into silicate 
tetrahedra. This model has 
been recently used by 
Endell®* and co-workers in 
a convincing interpretation 
of the effect of metal oxides 
on the viscosity of silicate 
melts. 

In the following, it will 
be shown that a successful 
interpretation of the electri¬ 
cal conductivity of molten 
silicates can be obtained on 
the basis of this model. 
Thus, considering the cation 
this can be regarded as 
existing in an “ energy well ** 
in the interstices of the 
silicate structure, the height 
of the energy well being 
Ek. The probability of the 
cation escaping from the 
well is proportional to 
e-JSjc/nr and will be re¬ 
duced by the application 
of an applied potential, thus 
giving rise to preferential 
jumps by the cation in the 
direction of the applied field. 
Thus, in a general way, x, 
the specific conductivity is 
given by: 

X = const, c ct^kIRT . . . . (i) 

where c is of the order of the vibration frequency of in the interstices. Hence 

yt = A ..... (2) 

where A will be called the frequency factor, and E^ the energy of activation. 
A contains also mobility and concentration terms.* 

Eqn. (2) will be apphcable to a binary system if (i) the energies of activation 
for transport of cation and anion are nearly equal or (ii) virtually only one ion 
conducts, i.e., if the Ek value for one ion is much less than that for the others, 
so that the transport number for one ion is almost unity.f 

®* Endell and Kley, Stahl Bisen, 1939, 59, 677. 

Basch and Hinrichsen, Z. Elektrochem., 1908, 14, 41. 

* This equation is sometimes known as the Rasch-Hinrichsen law and was deduced 
empirically V7 these authors.** 

f The ^nation X = er-Ex/RT also holds for the relation between the equivalent 
conductivities and temperature. It is often preferable to use this equation for com¬ 
parison of the energies of activation of the migration of various salts because the 
conduction is then due to one equivalent of salt between electrodes at a distance apart 
of 1 cm. all the time. Its use is precluded in the present case because of the absence of 
sufhcient densiiy data in molten silicate systems. 



so _ ^ _ y 

Fig. 6.—Dependence of conductivity of MnO—SiO^ 
on temperature for various compositions. 
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Further, the variation of the viscosity of liquids with temperature is given by 
the equation 

Y) = .(3) 

where is the height of the energy barrier for viscous flow and B is a frequency 
factor. 

(Ill) Detailed Application of Model.—Some experimental values of 
Eyfy and A ^e given in Table IV. E^ (see Fig. 5, 6 and 7) remains approximately 
constant with variation of temperature over the whole temperature range 
studied for AljOa—SiOj. For MnO—SiO^ a change in B* with temperature is 
noticeable for o*66 and 0*77 molar fraction MnO and this also occurs for 0*37—0*47 

TABLE IV 


Energy of Activation for Ionic Migration and Viscous Flow in Silicate Melts 


System 

% MO 
or 

M2O3 

fl 

Ef! kcal./mol. 

B kial./mol. 

Si/O Ratio 

KCl 

_ 

6-5 

2-3 

7-8 

- - 

CaCl, 

— 

13-5 

4*1 

9*5 

— 

CaO—SiO^ 

20 

148 

26 


0*441 

JV 

30 

153 

26 


0*407 

II 

35 

164 

24 

— 

0*388 

II 

40 

321 

26 

— 

0*368 

If 

45 

1550 

31 

31 

0*348 

II 

50 

247 

23 

34 

0*325 


55 

115 

19 

33 

0*302 

JdnO—Si02 

40 

207 

22 


0*39 

If 

50 

180 

18-6 

— 

0*35 

„ 

55 

71 

14*3 

— 

1 0*33 

If 

60 

176 

15-7 , 

— 

1 0*30 

If 1 

62*5 

Si 

13 f 

28 

0*293 

„ 

65 

870 , 

21 

— 

0*28 

If • 

67*5 

480 ' 

17*5 

3 o( 6 r?i) 

0*267 

>> 1 

70 

160 j 

11-5 

54 

0*25 

If 

80 

100 ' 

8 


0*196 

AlgOs-SiOa ' 

3 

0-5 1 

27 

— 

0-487 

M 1 

5*5 

1*2 ’ 

26 

— 

0*476 


8 

0*4 

19 

— 

0*463 

” 1 

10 

0*51 

22 

— 

0-435 


12 

o.x| 

14 


0-447 


molar fraction CaO. It follows that for AljOs conduction is probably by one 
ion over the range examined. For CaO—SiOj and ^InO—Si02, eilher more 
than one ion takes part in the migration, or else structural changes take place 
m the melt at temperature and composition mentioned above. 

In the system 3 MnO—SiOj, these two possibilities can be distinguished by a 
comparison of B* and Ex. B, is approximately 2-4 times as large as B*. Hence, 
conductivity in this system involves transport across a different energy bsmer 
to that of viscosity. The latter is known to be controlled by the large silicate 
ions so that the former must be controlled by the small manganous ions. It 
is, therefore, probable that in this system conduction is entirely cationic, i.e., 
by reason of divalent manganese ions which pass through the si^ate latt^. 
(cf., the analogous relations between B* and B, for typical cationic conduction 
shown in Table IV for KCl or CaCl*.) 

Dunn, Trans. Faraday Soc., 1926, 29, 401 ; Andrade, PkU. Mag., i 934 » { 7 )» * 7 » 
698; Eyring, J. Chem. Physics, 1936, 4, 283 ; Ward, Trans. Faraday Soc., 1937. 
33, 88 ; Barrer, Trans, Faraday Soc., 1943, 39, 48. 

Frenkel, Acta Physicochim,, 1937 * 6# 343- 
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A similar, but less certain, conclusion can be drawn from the CaO—SiO^ 
S3’’stem. The difterence between Ek and E, is here less than that for MnO—SiOa 
and it is possible * that the formation of the ion complex Ca*" "^SiOg" interferes with 
the relation for the composition 45 % CaO—SiOg. 

The cationic conduction indicated here would not be wholly expected because 
with increase of temperature there is usually an increased tendency for anionic 
conduction to occur in ionic melts. The large radius, high degree of co-ordmation 
and large polarisabilitj' of the silicate ion must prevent, or largely reduce this. 

The relation between conductivity of various systems at the same temperature 
of comparable compositions and nature of the cation (see Table II) follows by a 
consideration of the coulombic interaction between M*" and O®". Upon this 
latter factor clearly depends the amount by which the metal ion will disturb 

the structure of the silicate, 
for if the radius is small 
and the charge high the 
attraction for oxygen is 
large and a relatively con¬ 
siderable break-up of the 
structure ensues. Break¬ 
up of the siHcate structure 
signifies an easier passage 
of the metal cations 
through the interstices of 
the melt and hence in¬ 
creases the conductivity. 
The results of Table II 
follow clearly from this 
with the exception of the 
anomalous result for K+. 

It is well known that 
the electrophilic properties 
of ** acidity of a charged 
group is a function of the 
field at its peripherj^. The 
larger the ion, the lower is 
the electric field at its sur¬ 
face and therefore the less 
its tendency to accept elec¬ 
trons. It follows from this 
that there should be a 
lowering of conductivity 
with increase of more 
‘ ‘ basic ” components in the 
melt and this explains 
the general trend reported by Martin and Derge from their examination of the 
CaO—Al^a—SiO, system. Examination of Table II shows that a simple 
steric model, according to which the conductivity of the ions is in order of their 
ionic radii, does not alone suffice for an explanation of the dependence of 
conductivity on the nature of the cation. 

The radically different behaviour of the AlgOg—SiOa system also becomes a 
consequence of the present model. For ions, the ionic potential of which is 
relatively small, decrease of radius on increase of valency merely has the effect 
of attracting some of the oxygen ions held in the silicate tetrahedra and thus 
bre akin g down the structure. When the ionic potential becomes relatively 
large, however, so that the ion oxygen attraction of the metal ion is comparable 
to that of Si*'*', the metal ion itself commences to form a lattice in which it is 
relatively immobile. The ion oxygen attraction of Al+'*'+ is 1-7 approximately 

* Although ionic migration and viscous flow are probably governed by energy 
barriers of different magnitudes in these systems, there may still be a parallelism between 
conductivity and fluidity (as observed here) because the quantities may both be 
(different) functions of the same structural changes in the melt. 
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(cf., 0*27 for K+, 3*1 for Si*-^) and hence a greatly increased tendenc3' for complex 
anion formation occurs for A1+ compared with K+ or Ca” . Crystallographic- 

ally, it is known that Al"'“'" can form AlO^-ions corresponding to Si04- 

ions. Hence, small concentrations of Al^O^ doubtless produce an appreciable 
concentration of semi-mobile Al®-^ ions, so that the conducti\dty of the AlaOa— 
SiOa melt at first increases with increase of AI2O3 concentration. At a given 
concentration, the amon-forming properties begin to predommate, the increased 
viscosity thus givmg rise to a decreased conduction. 

A matter of considerable interest is that of the possible existence of so-called 
compounds in the melt, a view which is frequently put fonvard in the metal¬ 
lurgical literature ® * If by “ compound ” is meant a substance whose 
constituent atoms are not held together by primarily ionic bonds, this view seems 
to lack meaning in the 

systems examined here, par- _ 

ticularly the systems con¬ 
taining CaO and MnO, where , 
the concept of definite mole- ^ 

cular entities in a melt pro- ^ ^ 
duced from the ionic solid is 
an ad hoc assumption with 
no direct supporting evi¬ 
dence. The problem of 
estimating accurately the -^*0 

degree of dissociation is 
one which has not been 



solved electrochemically: it 
is, therefore, not possible 
to deduce quantitatively 
any figure for the degree 
of dissociation in melts con¬ 
taining CaO and MnO. It 
must be a high degree, how¬ 
ever, as shown by the com¬ 
parison with completely 
dissociated melts in Table I. 
The comparatively high 
conductivity may be due in 
fact to higher mobilities of 
Ca *• + and Mn+ in compari¬ 
son with those of, for 
example, K’^ or Cd"^*^ in 
melts of their chlorides, but 
the higher viscosity of the 




Fig. 8—Typical relation of conducti\’it\^ and 
temperature (1750®-!000® c.). 


silicate melts somewhat neg¬ 
ates this consideration and the difference in mobilities of these ions in media 


of the same resistance would be small. The proportion of free ions in the 
AlgOa—SiOj melts of, say, 0-05 molar fraction AlgO* must be of the order of 10-* 
less than that in the other two systems. 

Heinemann,®® from an analysis of the thermod^mamic data on slag-metal 
equilibrium, concluded that although FeO and some other entities were fully 
dissociated in their silicate melts, CaO formed some proportion of the complex 
Ca*^ SiOa" in fayalite. Examination of the present data for a similar association 
in the systems containing CaO and MnO can first be made from the conductivity 
isotherm. When a complex or compound exists in the melt, this is usually 
indicated by a minimum on the conductivity isotherm; it is sometimes found 
that the latter exhibits a minimum at a temperature near that of the melting 
point of the “ compound ” and that this disappears on raismg the temperature.** 
It is seen from Fig 2 and 3 that no significant minima are found on the 
conductivity isotherms. 

It is, however, of interest that maxima occur on the relations for Ex and A 


®* Babcock, Amsr. Ceram, Soc,, 1934, * 7 » 3 ^ 9 * 
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in the region of the compound tephroite (2 MnO—SiOa) in the MnO—SiO* 
system and calcium meta-sOicate in the CaO—SiOj system. An explanation 
of this result may be realised when it is recalled that E*, calculated from a 

plot of loge X against-^* is actually a heat of activation, and that an entropy 

term must be included in the A factor. At compositions corresponding to 
greater order, namely in the region of the stoichiometric relations, AS would be 
expected to increase and this is manifested by the increase in A . 

If the tendency towards ion association is very great, then the increase in 
overcomes this corresponding increase in so that a reduction in conductivity, 
and hence a minimum on the conductivity isotherm, may occur. 

It can therefore be concluded that in the CaO—SiO^ and MnO—SiO* systems, 
no evidence for general substantial complex formation, or the formation of 
“ compounds ** exists. There is some evidence for a tendency towards complex 
formation in regions corresponding to the complexes Ca"’+ SiOj"” and (Mn++)j 
SiOr—. 



logio'JQ O logjoX 

Fig. 9.—^Relation between conductivity and viscosity at 1600*^ c, as a function of 

Si/O ratio. 

Comparison of the energy of activation with the Si/O ratio for various systems 
at the same temperature shows a decrease with decreasing Si/O ratio. The decrease 
of the activation energy is associated with the increased formation of single 
sihcate tetrahedra and hence with the breaking-down of the silicate structure, 
so that the conductivity increases. 

The present model also gives understanding of the hysteresis phenomena 
which occur on heating and cooling. It would be expected on general energetic 
grounds that the interstitial ions would tend to take up the most stable position 
in the deepest energy wells. On cooling, these ions w^ tend to return to their 
most stable, and thus least conductiag, positions. If, however, cooling is carried 
our fairly rapidly, the cations have insufiScient opportunity to return to their 
deepest energy levels and the system possesses still a comparatively high 
conduction at temperatures below the meltiiig point. When measurements 
are repeated during the heating-up process, more time has elapsed in which the 
ions may assume deeper energy levels and the conduction is hence decreased. 
At temperatures above the true m.p., when the system has considerable fluidity, 
measurements taking in ascending and descending directions coincide within 
the experimental error. 

Experimental work on the constitution of the silicate melts is being pursued 
further in fhis department. 

Thanks are due to Dr. H. Bloom, Dr, F. D. Richardson, and Dr. J. White and 
to Mr. J. H. E. Jeffes for helpful comments on the paper; and to the British Iron 
and Steel Research Associarion for the financial support of this work, including 
bursaries to two of us (S.I. and J.W.T.). 
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Summary 

The electrical conductivity of the systems CaO—SiOa (mol. fraction CaO : 0*27—o-6o), 
MnO—SiOa (mol. fraction iVInO : 0*35-0*77) and AlgOg—SiOg (mol. fraction AlgO^: 
0*01—0*08) has been determined over the temperature range iooo®-i8oo° c. The 
results down to the temperature of *' apparent solidification ” are reported here. 

In the systems CaO—SiOg and MnO—SiOj, the conductivity increases regularly with 
increase of the metal oxide ; in the S3"stem AI2O3—SiO,, the conductivity passes through 
a maximum at a concentration of about 0*05 mol. fraction AljO^. The sj’stems in the 
molten state obey the Rasch-Hinrichsen law well. The energy of activation varies 
over the approximate range 10-35 heal, for various systems. 

The conduction in all sj'stems is primarily' ionic, and probabty mainly cationic. A 
semi-conduction mechanism may iso be operative at high SinO contents in the 
MnO—SiOa sj'stem. 

In the CaO —SiOa ^md IVlnO—SiOg systems, the degree of dissociation into ions is 
substantial; in the A^Og—SiOj sj^stem it is small, and extensive association occurs. 
It is improbable that any compounds exist in the melt as molecular entities corresponding 
to the conventional formulae. It is probable that complex formation is increased in 
the melt in a composition range corresponding to the ion pairs Ca++ SiO,”*" and 
(Mn++)a Si04-. 

The dependence of conductivity on temperature is complex in the neighbourhood of 
the melting points according to phase diagrams. A conductivity hysteresis with 
temperature exists during measurements with increasing, as compatred with decreasing, 
temperature, at temperatures below the m.p. 

The conductivity in the s^rstems CaO—SiOg and MnO—SiOg varies with composition 
in a wa^’ roughlj' parallel to” their fluidity. 

A model for the conduction mechanism is described and shown to result in a 
satisfactory interpretation of the principal obser\’'ations. There is some experimental 
support for the deduction that the conductivity at the same temperature and mol. 
fraction of metal oxide decreases in order of decreasing coulombic interaction between 
the metal cation and the oxygen ion at the distance of dosest approach. 

Department of Inorganic and, Physical Chemistry^ 

Imperial College of Science, 

Londo7i, S.W.J. 


THE CONSTITUTION OF PHASES AT HIGH TEMPERATURE 

IN RELATION TO THEIR THERMODYNAMIC PROPERTIES 

By G. M. Willis 
Received 3isf May, 1948 

In spite of the common use of the methods of chemical thermod3mainics 
in the study of metallurgical reactions at high temperatures, the literature 
does not contain any explicit account of the l^tations of these methods in 
this field. It is the aim of this account to draw attention to those difficulties 
in- the use of the usual thermodynamic methods which are of particular 
importance in the metallurgical field. 

The usual method of calculating high temperature equilibria from data 
such as heats of formation, entropies, heat capacities, etc., is based on the 
assumption that definite values for all the thermodynamic properties may 
be obtained for aU chemical substances. This is true for compounds only 
if the compound obeys the law of constant composition, i.e., is strictly 
stoichiometric. For gases and organic molecules the molecular constitu- 
tion does not permit of any variability in composition ; on the other hand, 
the requirement of electrical neutrality which for ionic compounds is 
generally sufficient to ensure constancy of composition, may not always 
do so. 
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Many inorganic compounds do not obey the law of constant composition, 
and may be stable over a range of composition, which may not include 
the stoichiometric compound. Since the production of the lattice defects 
which axe responsible for the variation in composition requires energy, such 
variability in composition is greatly favoured by high temperatures and 
has been foimd for a wide range of oxides, sulphides, etc.^ For any non- 
stoichiometric compound the thermodynamic properties must be given as 
functions of its composition. 

The relation between oxygen (or sulphur) pressure and composition of the 
solid oxide (or sulphide) is the most widely studied equilibrium property 
of non-stoicMometric compomds. In qualitative agreement with theory,^ 
the equilibrium p^ial pressures vary considerably with composition. 
The order of magnitude of the effect may be illustrated by the results of 
Darken and Gurry ® for wiistite, where the partial pressure of oxygen increases 
by a factor of the order of lo^ for an increase in atomic ratio 0 /Fe from about 
1-05 to 1-2. Such variations in, e.g., oxygen pressure with composition 
are of considerable importance in heterogeneous equilibria, for wWch one 
of the equilibrium conditions is that the oxygen pressures of all phases 
must be equal. From partial pressure against composition curves at constant 
temperature, the activity of the metal may be obtained by the Gibbs-Duhem 
equation relative to some arbitrary st^dard state, such as a definite 
composition of the compound, or the compound in equilibrium with another 
phase, such as the pure metal. 

For the compound AB, the activities of A and B are related by the Gibbs- 
Duhem equation, 

Nb 

log flA = - log aB 

where the a's are activities. The activity of the compound AB may be 
defined in terms of an arbitrary standard state by ^ab = and will also 
vary with composition, since is not proportion^ to i/ub- It follows that 
saturation of a slag, say, with an oxide does not mean that the activity of 
the oxide in the slag is constant, unless it is of constant composition, 
independent of the slag composition. 

In spite of the marked variations of activities with composition, the 
free energy of formation of a total of i mole of (A B) probably does not 
vary ^eatly with composition. There are no direct experimental determina¬ 
tions in the literature but from a consideration of free energy against mole 
fraction curv^es, in general, little change in free energy with composition 
is required to produce large changes in the partial molar free energies of the 
elements, which are given by the intercepts of the tangent to the free energy 
against mole fraction curve on the ordinates 2 Va = o and Nb = o. It seems 
probable that the variations of free energy with composition are generally 
comparable with the uncertainty due to experimental errors in the thermal 
data. If required, the free energy of formation G per mole (A +B) can 
be obtained from the partial molar free energies Ga and Gb using the relation 

G = GjJNji -f- GfiiVB. 

Smce the composition of a non-stoichiometric compound is dependent 
on both temperature and the partial pressure of one of the components, any 
such compound must be regarded as a two component system, where the 
classics compound of fixed composition represents only one component. 
In equibbria mvolving variability of composition of a compound, an extra 

^^derson, Ann, Reports, 1946, 49, 104. 

aad^hottky, Z. physik. Chem, B, 1930, n, 163. 

Darken and Gnny, /. Amer, Chem. Soe., 1945, 67, 1398. 
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degree of freedom is introduced, above those which would be found when the 
compound is counted as a single component. Thus, the melting at constant 
composition of such a phase takes place over a range of temperature, i.e., 
both solidus and liquidus lines have to be determined. Only when solid 
and liquid phases have the same composition at the same temperature 
(i.e., maximum or minimum melting points) will melting take place at 
constant temperature. Unless melting is carried out at constant composi¬ 
tion of the solid, with the gas in equilibrium throughout, results may be 
considerably in error. Considerations such as these probably account 
for part of the discrepancies in the literature for many melting points such 
as those of sulphides. Similar remarks probably apply to the volatilisation 
of a compound where the partial pressure of the compound in the gas phase 
will depend on the composition of the solid, and hence on the composition 
of the gas. In general, the equilibrium properties are not to be regarded 
as those of a definite chemical species, but as those of a range of substances 
which form a single phase. 

Manj" liquids, including slags, may be regarded as being derived from the 
more widely studied solid non-stoichiometric compounds. The excess 
oxygen (and ferric iron) found in wiistite in equilibrium with metallic iron 
is also found in the following liquids in equilibrium with metallic iron; 
liquid iron oxide, ^ and slags containing m addition SiOg,® CaO + SiOg,® 
M5O + SiOg,’ and acid and basic steel-making slags. These may be regarded 
as derivatives of the oxygen-rich wiistite phase. Antimon^^ in the system 
PbO-SbgOs apparently is similar to iron in basic open-hearth slags in acting 
as an oxj^gen-cairier,” as showm by its accelerating effect on the rate of 
oxidation of lead bullion.® The liquid dross apparently is capable of combining 
with more oxygen than corresponds to ShgOa; the observations of Maier 
and Hincke ® on the production of a higher oxide are in agreement with 
this view, and the obser\’'ed disproportionation is in agreement mth the 
theory which has been developed for binaiy’’ systems by Anderson.^ 

In many systems containing liquid sulphides in equilibrium with a metal 
phase, the sulphide contains less than the stoichiometric amount of sulphur. 
A similar deficiency in sulphur is found in copper and nickel mattes but may 
be partly due to the replacement of sulphur by oxygen.^® Since a deficiency 
of sulphur is not common in the corresponding solid sulphides, it is possible 
that the changes on melting here are more fundamental than those in oxide 
systems, and are due to the greater extent of covalent bonding in sulphides.^^ 
The systems to be used in a statistical treatment of the relation between 
composition and thermodjmamic properties of solid non-stoichiometric 
phases are the atoms of the elements, since it is the distribution of these 
over the lattice sites w^hich is responsible for the possibility of variation in 
composition. Any attempt to treat wiistite, say, as a solid solution of 
FegOg in FeO is bound to be unsuccessful, since such a treatment, in terms 
of the ordinary" solution law's must imply a distribution of discrete FeO 
and FcgOg molecules or similar molecular species over a set of sites available 
for molecules of both tjpes. Since solid metal oxide phases are generally 
ionic and not molecular, the solution laws cannot be expected to apply. 
If the liquid phase is to be considered as a disordered structure related to 

* Darken and Gurrj', /. Amer. Chem, Soc., 1946, 68, 798. 

^ Bowen and Schairer, Amer, J. Set., 1932, 24, 200. 

« Bowen, Schairer and Posnjak, Amer, J, Sci„ 1933, 2, 6222. 

’ Bowen and Schairer, A^ner, J, Sci,, 1935, ag 159. 

^ Williams, Trans, Amer. Inst. Min. Met. Eng., 1936, lai, 226. 

® Maier and Hincke, Trans. Amer. Inst. Min. Met. Eng., 1932, xoa, 97. 

Drummond, Trans. Can, Inst. Min. Met., 1940, 43, 627. 

Wells, Structural Inorganic Chemistry (Oxford, 1945), pp. 308, 385, et seq. 
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that of the solid, similar considerations will apply, and as Darken and Gurry 
pointed out, the concept of a solution, which “ presupposes the existence of 
molecular species** was not satisfactory in explaining their results for the 
liquid iron oxides. 

The concept of molecular species is not only inadequate for non-stoichio- 
metric phases, but also in the application of the law of mass action to the 
distribution of metals between metal and non-metallic phases, such as the 
slag-metal equilibria of steel-making. Although the use of the law is 
admitted to be empirical by some writers, the limitations in its application 
do not appear to be widely recognised. 

The literature contains many attempts to obtain information as to the 
constitution of slags from slag-metal equilibria. The usual procedure is to 
assume various compounds to be formed between the oxide components of the 
slag and, by trial and error, adjust these assumed combinations so that an 
equilibrium constant for the reaction can be obtained, using Raoult*s law 
to relate activities to the mole fractions calculated from the assumed 
molecular species. 

There are a number of objections to this method. Firstly, thermo¬ 
dynamics as such is not concerned with the constitution of matter, and 
thermodynamics alone cannot be used to determine the constitution of the 
system. Some relation between composition and the thermodynamic 
properties is required. 

A further objection to the method of assuming likely molecular species 
and Raoult*s law, is that the constitution so obtained is not necessarily 
unique. By the use of sufficient adjustable constants (including the formulae 
of the assumed molecular species) it is probably always possible to obtain 
some sort of fit. Different workers have commonly obtained different 
results as to constitution by using different molecular species, and different 
solution laws. Thus, for the equilibrium between Og and molten iron oxides,. 
White assumed the molecular species in the melt to be FeO, Fe^Os and 
Fes 04 , and the solution to obey Raoult*s law; Kielland assumes a regular 
solution of FeO and FcgOg to describe the results of Krin^ and Schack- 
mann,^* while Darken and Gurry find both these unsatisfactory, and reject 
the treatment in terms of a solution of molecular species. Herasymenko 
has shown it is possible to treat acid slags as ionic melts, in contact to the 
more usual assumptions of a melt of oxides and silicates of Fe, Mn, etc. The 
distribution of phosphorus between basic slags and steel is described using 
Raoult's law by both Winkler and Chipman,^® and by Balajiva, QuarreU 
and Vajragupta,^’ but with very different assumptions as to the predominant 
molecular species- The former assume (2Ca0.Si02)2 and 4Ca0.P2O5 
with CaO, MnO and MgO equivalent to one another; the latter assume 
2 CaO.SiOa and ^CaO-PjOg with MgO and MnO not equivalent to CaO. 
Although due weight must be given to differences in experimental errors, it is 
clear that the conclusions as to constitution are not consistent, and from a 
purdy empirical point of \iew, the method is unsatisfactory. 

More important reasons may be advanced against this method of use of the 
law of mass action. Firstly, there seems to be no reason why molecular 
species should be assumed when discrete molecules do not exist in the solids 
concerned. Even if relatively stable ionic aggregates are assumed, on 

1 * White, J Iron Steel Inst., Carnegie 1938. 27, i. 

Z. Elehtrochent., 1935, 4*» S34. 

Krings and Schaclonann, Z, Elektrochem., 1935, 4»i 479- 

Herasjrmenko, Trans, Faraday Soc,, 1936, 34, 1245. 

Winkler and Chipman, Trans. Amer, Inst. Min. Met. Eng., Tech. Pabl., No. 1987: 

Met. Tech., April, 1946. 

Balajiva, QnarreU and Vajragnpta. J. Ir<yn Steel Inst., 1946,153,115. 
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general grounds it is unlikely that such highly polar complexes would form 
ideal solutions. 


The form which the mass-action expression takes in certain cases depends 
on the way in which the reaction is formulated. This was pointed out by 
Wa^er^® for the melt of CdBig + CdCl2. Schut2a*s^® results for the 
equilibrium CdClg + Brg ^ CdBrg + Clg show the melt is not ideal if the 
usual mass-action expression is used. Wagner states that it should be 
formulated as (Cl ) -f iBra = (Br ) + JCl^ and is then ideal. The 
difference between the two formulations is that the first assumes independent 
molecular species of CdBrg and CdClg, while the second assumes only the 
anions to be concerned in the distribution. The concept of the ideal ionic 
solution introduced by Temkin is an attempt to treat ionic melts in terms 
of the appropriate s5rstems, viz., the ions. In general, where there is a 
difference in valency for the metal concerned, the ideal limiting law (i.e., 
assuming Henry's law for the dilute solute in both metal and non-metallic 
phases), is different according to whether the formulation is in terms of 
molecules or ions. Inspection of the alternatives, for example, 

AgaO + Pb = PbO + 2Ag 
2Ag-»“ + Pb = Pb++ + 2Ag 

shows that the limiting laws are not identical. 

A similar problem is met with in distribution of phosphorus between steel 
and basic slags. The reaction is usually written as 

2 [P] -f 5 [FeO] + 3 [CaOJ ^ [OCaO. P^O^)] + 5 [Fe] . (i) 

and the equilibrium constant is 

[(SCaO.P^O^)] [Fe]® 

[P]^ [FeOjfi [CaO]» • • • W 


However, there is no reason for assuming that the dualistic empirical 
formula for the phosphate represents a molecular species. From the structures 
of the ortho-phosphates, the existence of discrete PO4® ions, analogous 
to SiOr” appears Hkely,®^ and on this basis, the reaction may be written as 

2 [P] + 5 CFe++] + 8 [ 0 =] ^ 2 [PO,-] + 5 [Fe] . . (3) 

^AK'- [PO«"]^[Fe]» 

“ [P ]2 [Fe*+]« [ 0“]8 • • • ( 4 ) 

In the limiting case of very small phosphate content, and slag of constant 
composition, for which the activities of all the other reactants remain sub¬ 
stantially constant and independent of [PO^*"] one obtains from (2) assuming 
Henry's law to hold, that 

constant 

while (4) leads to [PO^*] / [P] = constant. Although most of the results 
in the literature do not extend to very low P contents because of the 
analytical difiS.culties, it is significant that the P distribution ratio 
[PgOg] / [P] has been often used as a means of classifying experimental results 
in terms of ^ag composition.®® 


Wagner, Handbuch der Meiallphysik Ahademische Vetlagsgesellschaft (Leipzig, 
1940), Vol I, Pt. 2, p. 103. 

Schutza, Z, anorg Chem.t 1938, ^39, 245 
Temlan, Acta Phystcochtm,, i 945 » 411- 

swells, ref. ii, p. 418 

** A number of these distribution formulae have been tested by Zea, J. Iron Steel Inst,, 
1945, 459 * The term [P] and not [P]* m Schenck's fonmUa is to be noted. 
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It may be noted that even if some specific combination between Ca'*‘+ 
and P04“ is assumed, as seems necessary to explain the marked influence 
of lime in dephosphorising steel, then as long as the reaction product is 
monatomic with respect to phosphorus, the limiting law should be identical 
with that for (4). 

The above discussion has assumed, of necessity, the validity of Henry's 
law as a limiting law. The wider question as to the type of solution law 
which is to be regarded as ideal for slags is not answered in the general case 
by the use of assumptions such as those made by Tempkin; since the mixing 
of ions of different valency cannot be completely random, because of the 
difference in electrostatic forces, and hence in energy which would follow 
an exchange of, say A*" for Further, evei^with a conmon cation the 

replacement is not i of A for i of B, but 2 of A" for i of B , which must 
lead to a general change in structure. The requirements for random mixing 
may be met by similar ions, of the same charge and comparable ionic radius, 
but probably not by ions of different valency, as Wagner has pointed out 
in his discussion of the solution laws of molten salts.^^ 

A molecular constitution for basic slags, giving a solution obeying Raoult's 
law implies the existence of definite molecular species, distributed at random 
through the liquid, which must be obtainable by mixing the liquid 
components without any heat effect or volume change. If this constitution 
is to be avoided, while maintaining the use of Raoult's law, some alternative 
model which when treated statistically will lead to the same law, must be 
devised. Failing a suitable model which can be treated by the methods 
of statistical mechanics to give the necessary relation between constitution 
and thermod5mamic properties, the use of Raoult's law is best taken to 
represent an empirical method of simplifying the behaviour of multi- 
component ss^tems. 

As alternatives to the usual mass-action expression, two possibilities may 
be considered. One is the use of partial molar free energies for the 
equilibrium conditions. The other is to use alternative concentration scales, 
such as Tempkin's ionic fractions. The former approach is equivalent to an 
alternative to a logarithmic scale; the second gives rise to terms which 
are not greaily different to many expressions used for expressing basicity. 
Such methods, however, must remain empirical, since the necessary detailed 
knowledge which is required to determine the form of "ideal" laws is 
not available. 


Summary 

The concept of molecular species is examined in relation to the properties of non- 
stoichiometric phases, and in relation to the use of the law of mass action in steel- 
making equilibria. This law may take diilerent forms, depending on whether the 
leaction is formulated in terms of molecules or ions. The validity of Raoult’s law for 
basic slags is examined with reference to its implications as to the constitution of slags. 

MdaUwrgy Department, 

University of Melbourne. 


** Wagner, loc. ci^., p 102. 



EQUILIBRIUM RELATIONSHIPS IN SYSTEMS CONTAINING 
IRON OXIDE AND THEIR BEARING ON THE PROBLEM OF 
THE CONSTITUTION OF LIQUID OPEN HEARTH-SLAGS 

By P. Murray and J. White 
Received z^th June, 1948 

It has long been known that equilibrium relationships between slag and 
metal in the open-hearth furnace can be represented by equilibrium constants 
of a mass-action form. Normally, for want of knowledge of the activity 
coefficients, such slag-metal constants have been expressed in terms of 
total concentrations of the reactants in slag and metal (weight or molar 
fractions in the slag and weight fractions in the metal) and, as has been 
pointed out,^^ such constants can only be considered true mass-action 
constants if no compounds are formed between the reactants in either of 
the liquid phases. This condition would appear to be fulfilled in the simple 
metal-metallic oxide system 

(MnO) + [Fe] = (FeO) -f [Mn] 
and both the equilibrium constant, 

(FeO)[Mn] 

~ (MnO) 

and the partition coefficient of FeO between slag and metal, 

•^^‘°”(FeO) 

are found to be true constants,® * independent of the ratio FeO/MnO in 
the slag and of the presence of inert diluents such as MgO.® (Here, as 
usual, round brackets indicate concentrations in the slag and square brackets 
concentrations in the metal, and the activity of metallic iron is taken as 
unity as its concentration over the usual range of compositions approaches 
100 %.) 

WTien silica is added to such a slag, however, and Li.eo» expressed in 
terms of total concentrations in the slag, decrease in value, rather rapidl\" 
at first and then more gradually once the metasilicate composition has 
been exceeded.® ’ ® Formally such effects can be attributed to a lowering 
of the activity coefficients of the FeO and MnO in the slag in the presence 
of silica,® the fall in K^a. being accounted for, if the lowering for MnO is 
greater than that for FeO. Somewhat surprisingly, however, as shown by 
Korber and Oelsen,® these lower values of ifMn and Lpeo in silica-saturated 
slags are, within narrow limits, independent of the ratio of MnO to FeO 
in the slag. 

1 White, /. Iran Steel Inst., Carnegie Mem., 1938, *7, i. 

a White, / Iron Steel Inst , 1943, a, 579 

® K6rber and Oelsen, Mfit. Katser-Wtlheltn Inst. Etsenjo}sch, 1932, 14, iSi. 

* Korber, Stahl Etsen, 1932, 5a. 133. 

* Kr^s and Schackmann, Z anorg. Chem , 1931, aoa, 337. 

* Krings and Schackmann, Z. anorg Chem., 1932, 206, 337. 

^ Korb^, Z. EUhtrochem , 1937, 43, 457 - 

® Kbrber and Oelsen, M%U. Katser’^Wtlhelm Inst. Etsenforsch., 1933, 5, 271. 

® McCance, Iron Steel Inst., 1938, Special Report No. 22, 331. 
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The need for a simple comprehensive theory to account quantitatiTCly 
for the effect of slag constitution on the activities of the components has 
long been felt. So far treatments based on two entirely different conceptions 
of the constitution of Uquid slags have been atteinpted. Accordmg to one 
view, compounds which undergo partial dissociation mto their component 
oxides occur in liquid slags, the degree of dissociation being governed by 
mass-action dissociation constants. In simple FeO-MnO slags, all the oxides 
are ** free ** and the measured constants are true mass-action co^tmts. 
In more complex slags the various oxides are considered as partly 
and partly combined, the activity of any oxide being measured by its free 

concentration. This is 
essentially the method 
adopted by Schenck,^® 
by Chipman,^^ and by 
one of the present 
authors,^ and thte work 
has shown that good 
agreement with experi¬ 
mental and furnace data 
can be obtained. In 
direct contrast, Herasy- 
menko ^ has assumed 
that the slag is com¬ 
pletely dissociated into 
ions, thus accounting 
for the constancy of 
i^Mn in silica-saturated 
slags. From a consider¬ 
ation of the electro¬ 
chemical potential exist¬ 
ing between slag and 
metal at equilibrium, he shows that the constancy of Km follows 
from the fact that it is numerically equal to the electro-chemical 
activity of iron in the metal layer. The change of JiCMa with basicity, 
he attributes to the presence of free oxygen ions in basic slags, this resulting 
in the formation of ions of the t3?pe FeOg'' so that Km, expressed in terms 
of the total concentration of iron in the slag, increases in value. 

More recently Lo Ching Chang and Derge^* have used electromotive force 
measurements on a suitable cell to determine the actmty of silica in CaO- 
Si02 and CaO-AljOs-SiOa slags. As shown later (Fig. 5), the relation 
between silica activity in CaO-SiOa slags and composition as predicted by 
the present work is essentially similar to that actuallj" found by them. 

Of the two approaches, the electrochemical would appear the more likely 
to prove acceptable in the long run. It is, in fact, difficult to reconcile 
the conception of compounds dissociating into their component oxides in 
the liquid state with the known structures of oxides and silicate glasses, 
yet in spite of this the earlier work seems to show that treatments based 
on this conception lead to substantially correct predictions as far as the 
activities of the slag constituents towards the metal are concerned. The 

i®Schexick, I»ttrodtiction to Physical Cliemistry of Sieelmahing (Translated by H. J. 

Goldschmidt, British Iron and Steel Research Assoc., 1945). 

Taylor and Chipman, Tratis. Amer. lust. Mtn. Met, Eng., 1943, 154, 228. 

Winkler and Chipman, Met. Tech., 1946, 13, No. 1987. 

” HerasjTnenko, Trans. Faraday Soc., 1938,34,1245; J. Iron Steel Inst., 1939, i, 282. 

Lo Clung Chang and Derge, Tracis. Amer. Inst, Min. Met. Eng., 1946, No. 2101, 

“Chipman, Trans. Amer. Soc. Met., 1942, 30, 817. 



Fig. I, —Oxygen-pressure-composition isotherm for 
melts of system FeO at 1592® c. Calculated curve 
for oxide phase shovna dashed; experimental curve 
continuaus O limiting oxide composition according 
to Fetters and Chipman.^* 
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purpose of the present paper has been to re-examine the implication of 
this on a rather wider basis than has been previously attempted. The 
authors wish to emphasise, however, that they regard the assumption of 
compounds dissociating into oxides as a purely formal one and they do 
not consider that such compounds or free oxides necessarily exist as such 
in the liquid slag. 

Evaluation of Dissociation Constants in the Slag 

Excluding electrochemical methods, there are three general vrsiys in which 
information regarding the activity of a solute in a liquid phase can be obtained, 
these t^ing by determining (i) its vapour pressure, (2) its concentration at 
saturation, i.e., at equilibrium with its pure, or nearly pure, solid phase, or 



Fig, 2.—Effect of CaO and Si02 additions on the dissociations of FcjOa at 1592* c. in air. 
Curve (i) CaO addition. Curve (2): SiO* addition. Curve (3): CaO addition at 
constant silica addition of 1*5 mol. Mol. CaO, SiO* and FeO are relative to i mol. 
FcgOs before dissociation. 


(3) its concentration in a second immiscible liquid phase at equilibrium. In 
the case of liquid slags, data of the first kind are provided by slag-metal 
equilibrium data, e.g., the concentration of FeO or ox^^gen in the metal at 
equilibrium is a measure of the activity of FeO in the slag. Data of the first 
knid are not, at present, available and vrould probably be difficult to obtain, 
but in the case of the iron-oxide content of the slag somewhat analogous infor¬ 
mation, though more difiScult to interpret, is provided by oxygen dissociation- 
pressure data on the liquid slag as shown by one of the present authors,^ 
Activities at saturation are obtainable from the relation 



where L is the latent heat of fusion of the pure solute, its melting point 
and X its activity in the liquid phase at saturation at temperature T, always 
assuming that no change in the activity of the solid in contact with the solution 
occurs. This assumption is probably justifiable where no evidence of solid 
solubility can be detected. The object of the present work has been to derive 
constants which would lead to a consistent interpretation of all three types of 
equilibria. 

As in the previous paper,i the ^ding principle has been the observation 
that qualitatively the eftect of additions to iron oxide-containing slags is always 
in the same sense as would be expected if compounds of the same type as occur 
in solidified slags were formed. Fig. 2 illustrates the eftect of CaO and SiO* 
additions on the reversible dissociation of liquid iron oxide at 1592® c. at the 
oxygen pressure of the atmosphere. The degree of dissociation decreases with 
increasing CaO content and increases with increasing SiO* content suggesting 
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that equilibrixini is displaced in the one case by the formation of calcium ferrites 
and in the other by tiie formation of ferrous silicates. 

At constant temperature and amount of addition, the degree of dissociation 
increases \\dth decreasing oxygen pressure as shown in Fig. i for the case of 
iron oxide alone. It was shov^m in the previous paper that this latter variation 
could be accounted for by postulating ttiat molecules of FeO, FcaOj and FcaO* 
were all present in the liquid, the equilibrium between them and the oxygen 
pressure of the atmosphere being defined by the reversible reactions :♦ 


FcaOs == 2FeO + K>2 ; 




_ {Fy X VP 


(p) 

Fe, 0 , = FeO + Fe, 0 , ; 

where activities are expressed as molar fractions. 

The effect of CaO was accounted for by postulating the two additional 
equilibria ; 

CaO.FegOs = CaO -h Fe* 0 «; Kc 


2CaO.FeaO, = 2CaO — Fe*Os 
and of SiOa by : 

FeO.SiOj = FeO -i- SiO^ ; 


K, 


Ctr 


(O (P) 

■ {CF) 

'"W’ 


K, 


(FO(S) 

(F^S) 


CaO.SiO, = CaO + SiO,; Kca 


2CaO.SiOj = aCaO + SiO,; Kc^ — ■ 


2FeO.SiO, = 2 F «0 + SiO, ; 

When both CaO and SiO* were present, all six equilibria had to be considered 
as existing in the liquid, and in addition, 

(Q ( 5 ) 

(C 5 ) ^ 

(C)^ (S) 

(CtS) ' 

The values of K^s and thus obtained were applied to the slag-metal 
data for FeO-MnO-SiOa slags of Krings and Schackmann « and Kbrber and 
Oelsen.®. For this purpose it was assumed that, though the apparent ” values 
of ifjjn and JLireo, expressed in terms of total concentrations of FeO and MnO 
in the slag, vary with silica content, the ** true ” values, expressed in terms 
of the calculated contents of the ** free oxides, should be unaltered. On this 
basis it was found possible to account for the experimental data of these authors, 
including the constancy of the apparent values erf and iii silica-saturated 
slags, in terms of a constant value of for the equilibrium 

(M) (S) 

Wsf’ 

the other possible equilibrium 

zMaO.SiO, = 2MnO -f- SiO,; Xjt.s = 

being neglected on the grounds that ilcf *5 appeared to be highly dissociated. 

Essentially the same procedure has been followed in the present work with 
the added criterion that the dissociation constants evaluated must lead to 
consistent values of the actiWiy of silica at saturation. This has necessitated 
certain modifications to the values erf some of the previously determined constants 
(the method being essentially one of trial and error), though none of these 
changes are of a major character. The chief differences are that FeO.SiO3 

* For the sake of brevity the fallowing contractions have been used throughout 
the paper; F^FejO^; F'=sFeO; F^F =5: Fe304; C = CaO; CF = CaO.FeaOs; 
C,F5=2Ca0.Fe*05; 5 = SiO*; F '5 = FeO.SiO*; F'jS = 2FeO.SiOa ; CS = CaO. 
SiO, ; CgS = 2CaO.SiOt= MhO; MS = MnO.SiO,; JIf *5 = 2MnO,SiO* ; 
P oxygen pressure. 


MnO.SLOj = MnO + SiO* ; Kjfs 
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is now considered more idghly dissociated than previously, this being com¬ 
pensated by increasing the stability of aFeO.SiOs, and that the stability of 
MnO.SiOa is now considered as intermediate between that of FeO.SiOg and 
CaO.Si02. The latter order of stability is in agreement with fairly widely 
held belief. The values of the dissociation constants at 1500, 1600 and 1700® c. 
are shown in Table I. 

TABLE I 

Dissociation Constants of Postulated Slag Compounds 


— 1 — I — I — I 1*595 10*0777' o*i6o l0*00200| 0*0126! 0*0033 


i6oot •* 0*385'o*239j 0*04221 o*i42j 1*000 10*114 j o*i00 j 0*00243 0*017 0*0050 

1700 .. 0*992'0*251 — — I o*66i 10*160 o*o66 10*00283 0*0223 0*0072 


1700 .. 0*992^ 0*251 — 

Heat of ' 

Dissociation 

cal./mol. .. , 64,000 3,500 — 


-30,500! 25,ooo| -30,800' 10,900 20,000 27,200 


* Oxygen pressure measured in cm. Hg. 

11592® c. of iron-oxide dissociation experiments taken as nominal 1600® c. 


A point of some significance is that the best values oi the constants at the 
different temperatures have generally been found to give a reasonably straight 
line plotted logarithmically against i/T® k. this enabling heats of dissociation 
to be evaluated. Somewhat surprisingly some of these axe negative. From 
the point of view of saturation this has l^n found likely to occur whenever the 
compound involved melts incongruentiy owing to the resultant trend of the 
liquidus curve. That it is not conditioned by the saturation requirement,, 
however, is showm by the fact that similar tendencies were shown (e.g., by Kr^ 
in the previous work, which was based solely on a consideration of iron-oxide 
dissociation data. 


Calculated curves correspond¬ 
ing to the above constants are 
shown compared with experi¬ 
mental data in Fig. i, 2, 3 and 4. 

The agreement between theo¬ 
retical and experimental values 
is in all cases reasonably good, 
indicating that one set of con¬ 
stants is capable of accounting 
for the thr^ kinds of hetero¬ 
geneous equilibria of the slag 
considered. In Fig, i, the dis¬ 
sociation curve of iron oxide at 
1592® c. has been constructed, 
using Kr> and AV^, down to the 
composition at which oxygen- 
saturated metallic iron separates, 
this point being calculated as¬ 
suming the oxygen pressure of 
the latter phase at 1600® c to 
be 0*8 X 10*-® atm. as indicated 



Fig. 3, —Efiect of silica addition on " apparent *" 
value of Amb, (a) Experimental curve of 
ICrings and Schackmann ® at 1550® c, 
(b) Calculated curve at 1600® c. 


by Chipman^s data.^® The calculated oxygen-content of the oxide at this point 
corresponds to a ferric oxide content of 2-2 % as compared to the value of 
6*9 %, given by Fetters and Chipman.^* 


Fetters and Chipman, Trans, Amor, Min. Met. E>ig„ 1941, 145, 95, 
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Fig. 2 shows the calculated efiects of CaO and Si02 additions on the dissociation 
of iron oxide as compared wdth points derived from the experimental data 
Fig. 3 (B) shows the calculated variation of apparent ** with silica content 
at 1600® c. for FeO-MnO-SiOa slags over a bath containing o*i % Mn. KSrber 
and Oelsen^s value ® of 0*00494 in simple FeO-MnO slags was assumed to be 
correct (concentrations as molar fractions in the slag) and it was assumed that 
“true^* Xmii ill acid slags would have the same value when expressed in terms 
of the calculated contents of “ free ” FeO and MnO. The value of “ apparent 
ifjia at saturation with silica is approximately o*ooo8 at this content of Mn as 
compared to 0*00082 as determined experimentally by Korber and Oelsen.® 
Kring’s and Schackmann’s curve ® of against silica content at 1550® c. is 
shown in Fig. 3 (A). 

Slag constitutions and values of apparent and Lpeo calculated for the 
case of silica-saturated FeO-MnO-SiO* slags are shown in Table II. Apparent 


TABLE II 


‘Icuip, 

\\Un} 
j Wt. 

1 

1 True ' True 
j Kun* ‘ LveO* 

Slag CoDstitutioa (Molar Fractions) 

heO * 
_, Wt. i 

MnO 

Wt 

% 

Appa¬ 

rent 

Kvbx 

Appa¬ 

rent 

Lf«o 

S F' 1 F'S , F'tS M M'S 

jr,sl % 

1500 c. . 

0*1 

I 

0-0035^ O-OOJO 

0*448 o*io88 0*0306 0*0687' 0*0315 0*0883* o*2230j 17*8 

|36-i 

0*00050 

0-0012 

it>oo c. . 

1 O-I 

0-0019 0-0033 

0*509 0*1152 0*0586,0-0596 0-0233'o*ii 38 

0*1154 21*3 

26-6 

o*ooo8 

o-ooiS 

XfXM C. . 

.. 1 o-a 

j o*oo49| 0-0033 ' 

0*509 0*0721^0*0367 0*0254'o*0293j 0*1486 

o*x8ooi 11*1 1 

137*0 

0-0006 

0*0021 

1700 c. , 

po-i 

\ 

10*0072 0-0048^1 

i 1 

0*5891 o*ioi6| 0*0903 0*0380 0*0141^ 0*1260 

1 ‘ 1 ‘ 1 

0*0414|2X*9 

1 i8-o 

0-0012 

[ 

0*0023 


* Values of Kbiber and Odscn ^ and Korber ^ for simple FeO-BXnO slags. Aetinties as molar fractioas 
in 1^. 

t Value rmsed ftnm o-oo^s to fit required exponential relaticm with 1 /J* k 


Kjjn a-iid were calculated on the basis of weight fractions in both slag and 
metal. Kdfber and Oelsen’s experimental values in silica-saturated slags ® 
were : 

1500® c. 1600® c. 1700® c. 

Apparent .. .. 0-0005 .. 0-000825 .. 0-00139 

Apparent Lp^.. .. 0-0013 .. 0-0021 *. 0-0030 

These values were claimed to be independent of the MnO/FeO ratio (or [Mn]). 
The calculated values, however, show a slight drift with MnO/FeO ratio as 
shown by the values at 1600® c. Further examples of calculated constitutions 
are given in the Appendix. 

Fig. 4 (A) shows calculated and experimental curves of silica-saturation for 
the systems CaO-SiOj,^’ MhO-SiO*^* and FeO-SiO*^® *®. The molar fractions 
of “ free ” silica corresponding to the calculated saturation points at 1500®, 
1600® and 1700® c. are as follows: 

1500® c. x6oo® c. 1700® c. 

(S) .. 0-448 .. 0-509 .. 0-589 

these values being obtained in the process of ** fitting ” the experimental liquidus 
cuiv’es. Only in the case of the 3 MnO-SiO» curve is there an appreciable difference 
from the experimental cun.-e. As, however, the latter was determined by the 
method of heating and cooling curv^es it is probably somewhat quaiit^ve. 
The calculated curve of silica-saturation at 1600® c. in FeO-MnO*SiO» slags is 
shown in Fig. 4 (B) compared with Kdrber and Oelsen's suggested mean satura¬ 
tion curve oyer the range i55o®"i65o® c.« 

Activity of Silica in CaO-SiOj Slags 

Fig. 5 shows the calculated variation with composition of the molar fractions 
(activities) of the various molecular species postulated in liquid CaO-SiO, slags 
at 1600® c. as calculated from the values of Kcs and Kc^s given in Table I. 

Ranldn and Wright, Amer. /. Sci., 1915, 39, i. 

Greig, Amer, J. Set., 1927, 13, i, 

White^ Howat and Hay, /. Roy. Tech. College, Glasgow, 1934, 3, 231, 

** Bowen and Schairer, Amer. J. Set., 1932, 34, 177. 
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Compositions beyond the saturation limits indicated are, of course, unrealisable 
in practice. Saturation with C^S is reached at (C3S) = 0-283, {€) = o-i66 
and (S) = 0-051. In any slag, therefore, saturation with C^S should occur 
when the solubility product 

(C)® X (5) = 0-005 0-283 = 0-00142 

Saturation with silica, as stated above, occurs at (S) = 0-509. Lo Ching 
Chang and Derge determined the activity of silica in CaO-SiOg slags of various 
compositions at 1600® c. If their values, which are relative to p-ciistobalitc 
as unity, are multiplied by 0-509 direct comparison with the silica activity 
curve of Fig. 6 can be made The values so obtained, as shown, follow the 
present curve closety apart from a deviation at the composition of C^O.SiOj. 
This can be explained, as suggested by these authors, if some association of 
CaO.SiOa molecules occurs. Apart from this discrepancy it would appear 
that the present model gives a true indication of the activity of silica in these 
slags. 






Fig. 4.— (a) Liquidus curves of systems (i) CaO—SiO*, (2) MnO—SiO^, (3) FeO—SiO^. 
Osculated points : • CaO—Si02, O MnO—SiOg, x FeO—SiOg. 

(b) Calculated curve of silica-saturation in S5''stem FeO—MnO—SiOg (broken line). 
Solid line shows limiting concentration reached in Kdrber and Qelsen’s slags at 
1550®-! 650® c.® , 


Partial molal free energies of silica calculated from the present data are also 
in reasonable agreement with Chang and Derge’s as indicated by the following 
figures: 

Fatal Silica Content (Mol), o*533 ,0*583 

Temp. ® c. 1600® c. 1700® c. 1600® c. 1700® c 

Partial Molal Present data 25S0 .. 3130 .. 1135 .. 1950 

Free Energy (cal,) Chang and Derge 2400 .. 3600 .. 1290 .. 2130 

Partial molal heat contents arc also in reasonable agreement at silica contents 
approaching saturation, e.g., the present data gives 13,350 cal. at o-6o mol. 
total silica as compared with 14,700 cal. at 0-583 mol. SiOg from Chang and 
Derge's data. The latter, however, found that heat contents increased with 
decreasing silica content, whereas the present values tend to decrease. This 
may indicate that the values attributed to K^s not yet completely satis¬ 
factory. 

As slated above, the values obtained for the activity of silica at saturation 
are 0-448, 0-509 and 0-589 at 1500°, 1600® and 1700® c. These values (see eqn. (i)) 
would indicate that sihca melts at 2250® c. with a latent heat of 9400 cal./mol. 
and an entropy change of 3-72 cal./® c. The actual melting point of silica is 
1728® c. on the International Temperature Scale and the latent heat of fusion 
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is approximately 6800 cal./mol.^i giving an entropy change of 3*4 cal./° c. The 
explanation of these apparent anomalies would appear to be in the non-ideal 
behaviour of silica associated with the occurrence of immiscibility in the liquid 
state. According to this view the relatively low melting point of silica is due 
to the fact that it melts to ^ve a highly polymerised liquid phase. The initial 
depression of the freezing point by small additions of CaO, FeO, etc. is associated 
with melting to this highly polymerised form and corresponds to a latent heat 
of 6800 cal. At higher contents of these additions, depolymerisation occurs 
wth an abrupt discontinuity in the liquidus curve and separation into two 
liquid phases. AljOj, on the other hand, gives a rather more rapid depression 
of the freezing point than corresponds to a latent heat of 6800 cal., this behaviour 
being consistent with its kno^vn capacity for taking part in the formation of 
silicate networks. 



Fig. 5.—Calculated activities (molar fractions) of molecular species in CaO—SiO* melts 
at 1600® c. X Silica activities from Lo Ching Chang and Derge.^* 


Application to Basic Slags 

As shown in Fig. i, calculations using the determined values of Kg, and Kp»p 
indicate that there should be 2-2 % FejO^ in the oxide in equihbrium with 
metallic iron at 1600® c. At this point the reaction 

3 ^'®^ = Fo + ; Kg, =s= ^7^ 

occurs, the value of which according to the present calculations should be 
0*002 approximately. 

Utilising the finding of Fontana and Chipman ** that the solution of oxygen 
in liquid iron is an ideal one the effect of CaO on the total FejOj content of 
the oxide in equilibrium with metallic iron can be calculated. The results of 
this calculation axe shown in Fig. 6 in which the ferric oxide content is plotted 
^ the ratio to that present in a pure iron oxide slag. The curve obtained is 
in good agreement with the data of Fetters and Chipman plotted similarly 
showing that the present constants give agreement with experiment as regards 
the relative effects of CaO. The actual Fe/}5 contents are, however, considerably 
Icywer than were found by these workers this being due to the low FejOs content 
melted in pure iron oxide. It would appear, therefore, that some revision 
of Kgf Krw Bud Kg^ is necessary. The probable reason for this is the error 
caused by the pick-up of iron by the platinum crucibles at low oxygen pressures 
in pe m>n-oxide dissociation experiments, for which no allowance was made 
m denvmg the constants. It is intended, therefore, to carry out a revision of 
these constants. 


Hay, Pfoc, Roy. Soc. , 1922,101, 509. 

" Fontana and Chipman, Ttans. Atner. Soc, Met., 1936, 24. 313. 
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Pre l i minaT y calculations on the phosphorus reaction have, however, been 
carri^ out using the present constants. The results indicate that it should be 
possible to evaluate a true " constant for this reaction in terms of the present 
model, and this work will be extended when revision of the constants has been 
made. 



Fig. 6 . —^Effect of CaO addition on total FejOg content of iron oxide in equilibrium with 
metallic iron, (i) Calculated curve. (2) Curve from Fetters and Chipman,^* 

Conclusions 

Using what they regard as a purely formal model for the constitution 
of liquid slags the authors have sought to show that equilibrium slag- 
metal, dag-atmosphere and slag-refractory relationships can be accounted 
for in terms of calculated activities of the slag reactants. Though some 
revision of the constants seems necessary it has been shown that a con¬ 
siderable measure of success in predicting experimental relationshij^ can 
be achieved. It is not considered that the model represents a true picture 
of the constitution of liquid slags and it is believed that ultimately an 
electrochemical approach will prove more acceptable. 

The authors t^e pleasure in acknowledging that one of them (P.M.) 
was in receipt of a Research Bursary of the Steel Castings Division of the 
British Iron and Steel Research Association while this work was being 
carried out. 

They should also like to acknowledge the assistance of Miss Sylvia Judge 
in the preparation of the manuscript. 

Appendix 

Examples of Calculated Constitutions of Liquid Slags 

(i) Dissociation of liquid iron oxide at 1592® c. (Fig. i.) 


Oxygen 


Wt. % Oa 

Pressure 

IVIolar Fi actions in Slag 

in C&de 

(atm.) 


1 _ 

0*341 

0-457F; o-ssyF'F; o-i86F' 

28-25 

» 


I » 

1*033 ( o*52iF; o*^2gF'F; 0*150^' 28-30 

_ ^ __ 


(a) Dissociation of iron oxide at 1592® c. in air in presence of CaO 

(Fig. 2, Curve (i)) 

Mol. Fractions in Slag: o-iooF, o-4i5F'F, o-ogSaF', 0-386CF, o-2iiC»F, 0-163C. 
Total Mol. CaO = 1-200 ^ Both relative to i mol. 

Total Mol. FeO = 0-174 J Fe^O* initiaUy. 
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(3) Dissociation of iron oxide at 1592® c. zn air in presence of SiO^ 

(Fig. 2, Curve (2)) 

Molar Fractions in Slag: 0-228F, o*i43p'F, 0-150^', o*532F'5, o*QyoF\S, o*^3<)S. 
Total Mol. SiOg = 0*776 Both relative to i mol. 

Total Mol. FeO = 0*794 J FcaOj initially. 


(4) Dissociatioti of iron oxide at 1592° c. in a%r in presence of CaO and StOj 

(Fig. 2, Curve (3)) 

Molar Fractions in Slag: o*ioiF, o*0424F'F, o*iooF^ o*i2iCF, o*o2oCjF, o*o5oC, 
0*358505, 0*06iC2S, 0*0I2F'S, 0*0I07F'2S, 0*I22S. 

Total Mol. CaO = 1*855 
Total Mol. Si02 = 1*485 
Total Mol. FeO = 0*472 


All relative to i mol. 
FejOj initially. 


Refractories Dept, 

Dept of Applied Science, 

St George*$ Square, Sheffield i. 


THE BEHAVIOUR OF OXYGEN IN LIQUID STEEL DURING 
THE REFINING PERIOD IN THE BASIC 
OPEN-HEARTH FURNACE * 

By S. Fornander 
Received 2<fth July, 1948 

In the foUowing an account is given of a part of the results obtained 
during the investigation. Attention will be focused on the influence of 
the manganese content of the charge upon the oxygen content of the steel 
bath as well as upon the carbon reaction: 

C (in liquid Fe) -f O (in liquid Fe) = CO (g). 

During the later years before the war a few papers were published in 
Germany on the role of manganese in the basic open-hearth process. 
Bardenheuer and ThanheiserA who studied the refining process with special 
reference to the oxygen content of the steel bath came to the foUowing 
condiisions. At carbon contents higher than o*2 % the oxygen content of 
the steel bath is determined by the carbon content only: carbon and oxygen 
were supposed to react very rapidly with each other. At lower carbon 
contents the oxygen content of the steel was said to be determined by the 
FeO content of the slag. Further, they assumed that at lower carbon 
contents the oxygen content was influenced by manganese in such a way 
that it was decreased if the manganese content was increased. The reason 
for this was assumed to be that a high MnO content in the slag has a diluting 


^ Bardenheuer and Thanheiser, Mitt. Kazsey-Wilhehn Inst. Eisenjorsck., 1935, 17, 133, 

* The invebtigation described in this paper was carried out by a Committee reporting 
to Jemhoniorets Forskningstferksamket (The Research Organisation of the Swedish 
Ironmasters' Association). The Committee's terms of reference were to study the role 
of manganese in the basic open-heaith process and the possibility of economising in 
manganese." The following have been members of the Committee : I. Bohm, G. Helmer, 
S. von Hofsten, B. KaUii^, G. Phragm^n, T. CoU6n. N. Rudberg and the author. The 
work on that part of the investigation which is described here was started in 1942. The 
mobc important results obtained concern the question of the oxj’gen content of the steel 
bath during the refining period. 
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effect upon the FeO content, and that as a consequence the capacity of the 
slag to transfer oxygen to the steel bath was reduced. Further it was stated 
that ,this circumstance would affect the rate of carbon-drop in such a way 
that the higher the manganese content of the charge the lower the rate of 
carbon-drop. Finally, reduction of manganese from the slag was said to 
be a distinctive feature of a low oxygen content in the bath. 

These conclusions have wholly, or partly, served as a hypothesis of work 
in German investigations published later ^ jj^g^y therefore be 

regarded as accepted during later years, at least as far as Germany is 
concerned. 

However, the conclusions mentioned cannot be accepted without reserva¬ 
tion, foremost because the method of sampling used by Bardenheuer and 
Thanheiser does not seem to be free from objections with regard to analysis 
for oxygen. The steel sample was taken from the furnace with the usual 
test spoon, was " killed with aluminium and poured into a copper mould 
with thick walls. Table I shows a few examples of analyses obtained 
with this method. The 
equilibrium value of the 
product [C] X [O] in liquid 
steel is not lower than 
about 0*0020. Therefore, 
if a lower value of this 
product is obtained in a 
steel sample, taken out 
from a “ boiling steel 
bath, this impHes that 
either the method of 
sampling or the method 
of a^ysis has been un¬ 
suitable. In the examples 
shown in Table I, it is probably the sampling method that [has given too 
low values of the oxygen content—and also of the carbon content—in con¬ 
sequence of the fact that carbon monoxide has been evolved from the steel 
in the test spoon before the aluminium addition has been made. 

Experimental and Results 

The results obtamed in this investigation are based on 36 experimental heats 
made at four Swedish steelworks. The heats had different manganese contents 
in the charge ranging between 0*15 and 2*30 %, and the intention was that the 
results should show what influence a high or low manganese content in the charge 
has upon the reflning process in the furnace. For ten of the experimental heats, 
diagrams are given showing the variation of the concentrations in steel and slag 
during the course of the heats, see Fig, i-io. 

The steel samples were taken with a sampling device, suggested by Rudberg 
and shown in Fig. ii. The mould was made from mild steel. Inside the mould 
was placed an aluminium wire of i mm. diam., folded in such a way that it could 
easily be dissolved in the steel. The mould was covered by a lid of sheet steel 
of 0*5 mm. thickness. On top of the lid was placed a cylinder, kept in position 
by an iron wire. According to the original suggestion tihe cylinder was to have 
been made from flre>clay or graphite. For tak^g samples in the open-hearth 
furnace it has been found, however, that it is better to make the cylinder from 
wood, for otherwise the iron wire becomes so well slagged, when the mould 
passes the slag layer that it does not melt. A sample is taken in the following 

* Bardenheuer and Thanheiser, Mitt, Kaisev-Wilhelm Inst, Eisenforsch,, 1938, 20, 67. 

* Bardenheuer and Henke, Mitt, Kaiser-Wilhelm Inst, Eisenforsch,, 1939, 21, 243. 

* Wilhelm, SiaJtl Eisen, 1936, 56, 1423. 

* Kreutzer, Stahl Eisen, 1939, 59, 1017. 


TABLE 1 

Analyses of Samples, Reported by Bardenheuer 
AND Thanheiser 1 


Heat 

No 

Sample 

No 

[C] 

[O] 

tC] X [O] 

I 

7 ' 

i 0*07 

0*010 

0*0007 

11 

I 

1 0-19 

o*oo6 

0*0011 

IV 

4 

1 0*22 

0*007 

0*0015 

IV 

6 1 

1 0*11 

0*014 

0*0015 

VI 1 

1 

1 0*44 

0*003 

0*0013 



300 THE BEHAVIOUR OF OXYGEN IN LIQUID STEEL 


way. When the mould has been slagged rapidly and carefully up to the edge, 
it is dipped into the steel bath. After 1-2 sec. the iron wire melts oflE and 
wooden cylinder rises to the surface. The sheet lid, which is now uncovered, 
melts and the mould becomes filled with steel. If the sampling is done in this 
w'ay, samples free from furnace slag will be obtained. 

Tn some of the experimental heats, on 39 occasions duplicate samples were 
taken, one immediately after the other with the sampling mould. The small 
sample ingots obtained were analysed for oxygen with the vacuum-fusion method. 
In 38 of -Sie cases the agreement between the two samples was satisfactory, the 
^eatest difference between the oxygen values obtained being 0-003 % O. This 
is regarded as proof that the sampling method gives reproducible results. The 
slag samples were taken with a test spoon in the usual way and poured out into 
a flat mould of about 5 in. diam 

At the time when the majority of the experimental heats were carried out wx‘ 
had no reliable method for temperature measurement of liquid steel in Sweden. 
Therefore it was not until recently that temperature measurements were made 
on four of the heats. The determinations were carried out with quick-immersion 
p3rrometers of a design slightly modified from that developed in Britain by 
Schofield and Grace. The design of the pyrometers is described elsewhere.• 

The Carbon Reaction. Oxygen in the Steel Bath 

Influence of Manganese. The most important of the reactions occurring 
in the basic open-hearth furnace during the refining period is the carbon reaction : 

C (in liquid Fe) 4- O (in liquid Fe) = CO (g). The equilibrium constant K 
for the carbon reaction can be expressed as : 

« = .or K {C} {O} = ICOl. 

where {CV = the activity of carbon in the liquid steel, 

{CH = the activity of oxygen in the liquid steel, 

I Co] = partial pressure of CO in the gas phase, i.e., the gas bubbles in 
! the Hquid steel. 

The equilibrium of the reaction has been studied by several investigators. 
The first successful determinations were made by Vacher and Hamilton,’ by 
Vacher,« and by Phragm^n and KaUing.* The results of their experiments can 
be summed up in the following T^^y. The product of the carbon and oxygen 
contents in liquid steel is constant at equilibrium and therefore independent of 
the carbon content. Consequently, at higher carbon contents the oxygen 
content is low, and at lower carbon contents the oxygen content is high. 

The latest investigation done in this field was made by Marshall and Chipman.^® 
They used a furnace permitting experiments at various pressures of the gas 
phase up to 20 atm. According to tiieir results the value of the carbon-oxygen 
product is not the same at different carbon contents but increases with the 
carbon content. From their daia the value of the product at different carbon 
contents can be computed. One finds at 1600® c. 


[C] 

[cjx[o: 

0-02 

0-0019 

1*00 

0-0036 


That the carbon-osygen product increases with the carbon content can be 
explained by assuming that the steel is capable of dissolving a certain amount 
of CO as such. The value obtained by Marshall and Chipman for the CO 
solubility in liquid steel is 0-0028 %. 

In Fig. 12 the oxygen content of the steel in the experimental heats is plotted 
against the carbon content, and in Fig. 13 the product [C] x [O] is plotted against 
the carbon content. Fig. 12 shows the well-known fact that the oxygen content 


•Fornander, Jemkont. Ann., 1947,131, 225. 

’ Vacher and Hamilton, Trans. Amer. Inst. Min. Met. Eng., 1931, 05,124. 
■Vacher, US. Bur. Stand. J. Res., 1933,11, 541. 

• Phragxndn and Kalling, Umkont, Ann., 1939, 123, 199. 

Marshall and Chipman, Trms. Amer. Soc. Met., 1942, 30, 695. 
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during the refining period is higher than the equilibrium value. At carbon 
contents lower than ca, 0-2 % the “ excess oxygen,” i.e., the difference between 
the actual and the equilibrium values, seems to vary slightly between, 
say, 0*012 and 0-025 % O. This 
is in general agreement with the 
results obtained by Brower and 


Larsen ; however, the 

absolute values of the excess oxygen 
are lower in this investigation ti^n 
in those which they have reported, 
which is probably due to dif¬ 
ferences in sampling technique. 
Their sampling technique gave 
about the same reproducibilily as 
the one used in this investigation; 
further experiments must be done 
before a statement can be made 
as to the absolute accuracy of the 
two methods. 

Fig. 13 seems to show that the 
values of the product [C] x [O], 
which are rather scattered at 
higher carbon contents, approach 
the equilibrium value at lower 
carbon contents. 



“ Brower and Larsen, Trans. Am&r. Inst. Min. Met. Eng., 1945, 162, 712. 
“ Brower and Larsen, Met. Tech., 1946, X3, Tech. Publ., 2035. 

Brower and Larsen, M^. Tech., 1946, 13, No. 7, Tech. Publ,, 2076. 
Larsen, Trans. A^ner. Inst, Min. Met. Eng., 1941, 145, 67. 
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:he behaviour of oxygen in liquid steel 


Fig. 12 and 13 include all the values obtained during the experimental heats, 
and these had, as mentioned earlier, different manganese contents in the charge, 
varying between 0-15 and 2*3 % Mn. The diagrams show that the manganese 
content has no influence upon the oxygen content of the steel during the refining 
period. Thus, the statement of Bardenheuer and Thanheiser that a high 

Steel\^o^lcs A. Low l£n in charge. 

High , 

„ B. Low 

» *> High 

„ C. Low 

„ „ High 



manganese content in the charge would have a depressing eftect on the oxygen 
content in the steel is not supported by the results of this investigation. From 
the knowledge we have about the deoxidizing power of manganese in comparison 
with that of carbon, we have also no reason to suspect such an eflect: if we take 
as an example a steel bath at 1600° c, with an oxygen content of 0*040 % 0, the 
equilibrium content of manganese is ra. 3 ^nd that of carbon only ca. 0*05 * 


-• S/ke/oforks A, low charqt. 


\d'0/20 



‘ 

. K 

D 1 

rr’ 

j__ 

L ^ 

• 1 


Fig. 13.—[C] [O] - product during refining. 


The factor which has the largest influence upon the oxygen content of the steel, 
is the carbon content, and this is the case also at carbon contents lower than 0*2 %. 
Reference is here made to the papers by Kdrber and Oelsen.i* by Brower and 
Larsen,^ and by Kalling,^’ who in a logical and illuminating way 

have discussed the nature and significance of the carbon reaction. 


Kdrber and Oelsen, Miti. Kaiser-H ilhelm Inst. Eisenforsch., 1932, 14, 181. 
Kdrber and Oelsen, Mitt, Kaiser-Wilhelm Inst. Eissnforsch., 193^, X7. 

” Kalling, Jernkonf. Ann., 1934, 

Kalling, Jemkont. Ann., 1936, lao, i. 

»» Kalling and Rudberg, Jernkont. Ann., 1937, 93« 
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Bardenheuer and Thanheiser stated also that a manganese reduction from the 
slag was a distinctive feature of a low oxygen content in the bath. From a 
detailed study of Fig. 13 along these lines one wdll find that the samples taken 
during manganese reduction show about the same values of the [C] x [O] product 
as the rest, and that points from the first-mentioned samples are fairly evenly 
distributed within the area of scatter. 


In Fig. 14 the rate of carbon-drop ® S/e^/works D. 

for the carbon range 0-50 — 0*15 % C 
has been plotted against the man¬ 
ganese content of the charge. The 
diagram shows that the manganese 
content of the charge has no marked 
effect on the rate of carbon-drop, at 
least not at manganese contents 
higher than 0-4 %. Other factors 
than the manganese content seem to 
be of first importance for the rate 
of carbon-drop. The conclusion of 
Bardenheuer and Thanheiser, that a 
high manganese content in the charge 
would decrease the rate of carbon-drop 
finds no support in the diagram. 

In the first nine experimental heats, 
steel samples for oxygen determina¬ 
tions were taken at rather short time 
intervals. One and the same rule 
seems to apply for these nine heats, 
viz., that the oxygen content of the 
steel increases almost Hnearly with 
time towards the end of the heat, see ^ 4 * 

Fig. 1-9. The oxygen values lie 

rather close to straight lines : the discrepancies are not greater than the errors 
in sampling and analysis. As will be seen from the diagrams, the linear oxygen 
curves have different slopes towards the end of the heat in diflerent heats. The 
slope is here denoted by d[0]/d/. 

In Fig. 15 the values of d[ 0 ]/di (carbon range 0*20-0*07 % C) are plotted 
against the FeO content of the slag (carbon = 0*07 %). These conditions were 
chosen because it is reasonable to assume that the reactions have reached a 
“ steady state ** towards the end of the heat. The points in the diagram are 
somewhat scattered. Further, they are too few for 



• Low Mn oontoot in charge 
O «f t ij 


any conclusion to be drawn. 

However, the FeO content of the slag is no 
direct measure of its oxidising power. The FeO 



. 5 : 

I 



Fig. 15. 


activity in the slag may serve as such a measure. 
The FeO activity in basic slags of various compo¬ 
sitions has been determined in an ingenious way by 
Chipman and co-workers recently ** “ fPig. 

In Fig. 17 the values for the experimental 

heats (carbon range 0-20 — 0*07 % C) are plotted 
against the FeO activity in the slags (carbon = 
0*07 %) ^ obtained from Fig. 16. The scattering 
of the points is now smaller than in Fig. 15, but is 
still too large for definite conclusions to be drawn. 
From Fig. 15 and 17 it may be concluded that 
there is no simple relationship between slag composi¬ 
tion and the quantity d[0]/df. 


Chipman and Fetters, Traws. Jffter, Soc. M$t», 1941, S9> 953. 

SI Chipman, Trans, Amer. Soc. Met,^ 1942, 30, 817. 

** Taylor and Chipman, Trans. Amer. Soc. Met., 1943, 154, 228. 

** Winkler and Chipman, Met. Tech., 1946, 13, No. 3, Tech. Publ., 1987. 
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Fig. 18, showing the rate of carbon-drop (carbon range 0*20 — 0*07 %) plotted 
against d[0] 'd^ (same carbon range), may be of some interest in this connection. 
There seems to be a linear relationship between the rate of carbon-drop at low 
t.arbon contents and the rate with which the oxygen content of the bath increases. 
The diagram ought not, however, to be interpreted as if the quantity d[ 0 ]/<h 
letermined the rate of carbon-drop This is illustrated by the following example. 



Fig, 17, 


Fig. x8. 


To maintain a rate of caibon-drop of 0*04 % C per 10 min. at a constant oxygen 
content in the bath, it is required to supply the bath with an amount of oxygen 
equal to 0-053 % O per 10 min. This oxygen reacts with the carbon and is 
evolved as CO. At the same time the oxygen content of the bath is increased 
by ca. 0-006 % O -per 10 min. The total amount of oxygen supplied to the bath 
is therefore ca, 0-059 % O jper 10 min. Because it is only about one-tenth of 
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this amount that remains in the steel, it seems difficult to imagine that this 
comparatively small amount, represented by d[0]/d/ in the diagram could be the 
primary factor governing the magnitude of the rate of carbon-drop. It seems 
likely that other factors are more important, such as the prerequisites for 
carbon monoxide evolution and the capacity of the slag for transfering oxygen 
to the bath. 

The results concerning the rate of carbon-drop can be summarised thus. In 
the various heats the rate of carbon-drop is different. There is no simple 
relationship between rate of carbon-drop and slag composition. A linear 
relationship exists between the rate of carbon-drop and the quantity of d[0]/d^. 

The results are in agreement with the dieory for the carbon reaction developed 
in the investigations mentioned,^® the main features of wffich 

are as follows. 

1. The carbon reaction is a heterogeneous one. Its rate is governed by the 
slowest of the component processes of which it is composed. The slowest of 
these processes is tiie formation of the CO bubbles, because of which surface 
tension becomes a factor of first importance. 

2. Hence, the rate of the carbon reaction is also governed by factors other 
than the concentrations of carbon and oxygen in the steel bath. The law of 
mass action in its simple form cannot be applied to compute the rate of the 
reaction ** as was done by Schenck about 15 years ago and by others until 
recently. 

3. It is probable that the condition of the hearth surface is important for the 
carbon reaction, for this condition affects bubble formation, which takes place 
at the furnace bottom. 

Summary 

Thirty-six experimental heats, made in different melting shops, were studied in some 
detail. A new method was developed of taking steel bath samples, suited for oxygen- 
content determinations. The method employ^ gives reproducible results. 

The carbon content of the bath is the factor which has the greatest influence upon the 
oxygen content during the refining period. The values of file product [C] x [O] are 
rather scattered at higher carbon contents but approach the equilibrium value at lower 
carbon contents. The results axe in general agreement with those published by Brower 
and Larsen recently. 

The influence of manganese upon the oxygen content of the bath and upon the carbon 
reaction was studied. It was found that the manganese content of the charge, which 
varied between o‘i5 and 2*3 % Mn, has no influence upon the oxygen content of the 
bath and upon the rate of carbon drop. The results contradict those reported before 
the war by Bardenheuer and Thanheiser. Their conclusions seem to be based upon a 
different interpretation of the affinity between manganese and oxygen than that 
prevailing at present. 

Surahammar, 

Sweden. 

** Kalling, Jemkont. Ann., 1935, 119, 248 (review of Schenck's book*®). 

*® Schenk, Physikalische Cheniie der EUenhuitenproiesse, Vol. 2 (Berlin, 1934). 


TEIE PHYSICAL CHEMISTRY OF SULPHUR REMOVAL 
IN STEEL MAKING 

By P. T. Carter 
Received ^oth July, 1948 

Attempts to explain the removal of sulphur in steel making have been 
so numerous and varied in recent metallurgical literatme that it would 
seem that every possible avenue of approach to this problem must have been 
covered, and that any further contribution must be superfluous. Even so. 
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the most important recent contributions to the subject, while agreeing as 
to general conclusions, have been presented in manners so different that it 
is difficult to see any connection between their fundamental argiments used 
in reaching these conclusions. It is hoped that this paper will, in part, 
fill this gap. It is proposed to deal only with slag-metal relationships, 
although it is recognised that sulphur transfer to and from the gas can take 
place, and that conditions favourable for loss of sulphur from the slag to 
the gas phase may not be favourable for removal of sulphur from the metal 
to the slag. 

Efforts to apply physico-chemical laws to slag-metal relationships using 
total concentrations of the reactants failed when applied to wide ranges of 
slag and metal compositions, and attempts were therefore made to make 
some arbitrary assessment of the free concentrations of slag components 
to be used instead of total concentrations for the calculation of equilibrium 
constants, assuming certain compounds to be formed in the slag. 

A dif&culty when appl3dng these laws to the distribution of sulphur has 
been a lack of knowledge of the state of combination of the sulphur in both 
the metal and slag. Chipman ^ has indicated from a study of the atomic 
diameter and internal pressure of elements found in steel that it is improbable 
that elementary sulphur exists in steel and that it probably occurs combined 
as a sulphide (or possibly as sulphide ions). 

Assuming that both iron and manganese may exist in liquid steel as 
sulphide, and that saturation with sulphide is not approached, then in the 
reaction 

FeS + ^In ^ Fe + MnS. 


, _ JlnS] [Fe] 

AMnS - 


l^) 


(Throughout this paper activities or concentrations in the metal are indicated 
by square brackets, in the slag by round brackets.) 

There are no direct theimodynamic data for this reaction in liquid steel 
but Britzke, Kapustinsky and Wesselo^sky ® ® have measured the dissociation 
pressures of solid iron sulphide and manganese sulphide by reduction expen- 
ments for temperatures up to 1270° c. They give 


heS ^ Fe -j- ^ Sg 


logps, = 


-14.350 

T 


4- 5'8o. 


Hence for 


MnS ^ Mn + ^ Sg 
log = ~ + 9-15. 

FeS — Mn ^ Fe + MnS (at 1270^ c.) 
Kmds = 267. 


Chipman and Ta Li ^ have shown that the data of Britzke and Kapustinsky 
for the reaction 

FeS -u Ha ^ Fe + HgS 


* Chipman, Trans. Atyter^ Soc. Met., 1942, 30, 817, 

* Britzke and Kapustinsky, Z. anorg. Chem., 1930, 134, 323. 

* Britzke, Kapustinsky and Wesselowsky, Z. anorg. Chem., 1933, *13, 67. 

* Chipman and Ta Li, Trans. Amer. Soc. Met., 1937, 433. 
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3’ield an equilibrium constant which compares favourably with that from 
their own experiments using liquid steel. It follows that 


^ 

for steels containing low percentages of manganese should give a rough 
indication of the equilibrium existing in liquid steel. McCance ® has shown 
that for average steel compositions at 1600® c., this corresponds to only 
5-10 % of the sulphur present as manganese sulphide. 

The partition of sulphur from metal to slag will he governed by the 
partition coefficients of iron sulphide and manganese sulphide, Lfcs and 

^MnS 


where 


i'FeS 


(FeS) 

[FeS] 


L\tn<i = 


(MnS) 

FMnS]* 


Meyer and Schulte ® have examined the equilibrium between pure sulphide 
slags and iron containing manganese at temperatures in the neighbourhood 
of 1600® c. If the value for K^ins obtained above, namely 0*267, be applied 
to their distributions, it is found that 


ipeS 


700 (for sulphide slags). 


Bardenheuer and Geller ’ found ipes to be 3*6 at 1600® c. when using 
almost pure ferrous oxide slags, and expressing sulphur in metal and slag 
as weight percentages. This would give a value of about 2500 for Lmus- 
This does not agree with the value of about 300 computed by McCance from 
the data of Meyer and Schulte or a value of 200-300 calculated from the 
experiments of Bardenheuer and Geller using ferrous oxide-manganese 
oxide slags, and suggests that the value of i^Rins = 0*267 is too low. In 
the presence of other slag constituents such as lime, silica, etc., the above 
partition coefficients will not apply accurately if the molten slag does not 
behave as an ideal solution, uffiess activity in the slag be substituted for 
concentration. 

It is known ® that sulphides and silicates are only partially miscible but 
the work of McCaffery and Oesterle ® has shown that over 30 % manganese 
sulphide can dissolve in lime-silica-alumina slags. (It is not likely that 
the manganese sulphide remains as such.) This large solubility of sulphides 
has been confirmed for calcium silicates containing iron oxide. In com¬ 
parison, the percentages of sulphides in steel-making slags are very small, 
and the effect of partial miscibility in lowering L^ns and Lpes (i*^*, reducing 
the solubility in the slag layer) should be small. 

If the older classical conception of slag constitution is adopted, in which 
the slag components are partly combined to form compounds, whose 
dissociation is governed by the law of mass action, then the following chain 
of reactions would be expected to occur wffien the metal is covered by a 
ba«;ic slag. 


* McCance, Symposium on Steelmaking (Iron and Steel Inst., 1938), 331. 

* Meyer and Schulte, Archiv, Eisenhiiiten,, 1934, 8, 187. 

’ Bardenheuer and Geller, Mitt Kaiser-WilhSm Inst. Eisenforsch., 1934, 16 (7), 77, 
« Schenck, The Physical Chemistry of Steelmaking (British Iron and Steel Research 
Association, 1945), 297. 

* McCaffery and Oesterle, Trans. Amer. Inst. Min. Met. Eng., 1923, 79 # < 5 o 6 . 
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In the metal 

(a) FeS - Mn Fe + MnS. 


At the interface 

(6) FeS Vi FeS 
metal slag 

(c) MnS Vi MnS 
metal slag. 


In the slag 

(<f) CaO 4 - FeS v* CaS -l FeO 
(CaS) (FeO) 

" “ (CaO) (FeS) 

• (2) 



AG® = —8900 + 3-05 T 
Ki = 2*36 at 1600° c. 

(This neglects the heat of solution of calcium oxide and calcium sulphide 
and it is probable that Ki is a little higher.) 

(e) CaO -|- MnS ^ CaS + MnO. 

_ (CaS) (MnO) 

* “ (CaO) (MnS) • • • • 131 

AG® = —10,000 + o*3or 
Kj = 12*6 at 1600® c. 

(again, only an approximate figure.) 

These constants indicate that practically all the sulphur in basic steel- 
niaking dags is present as calcium sulphide, and hence the possible formation 
of man^nese sulphide in the metd can have no bearing on the final 
equilibrium distribution of sulphur, although it may affect the speed at 
which eq^biium is attained, espedall}* if the partition at the slag-metal 
interface is the slowest reaction in the above chain. 

According to the theory based on reactions (d) and (e), manganese ma}’ 
affect the distribution in&rectly by its effect on the ferrous oxide content 
of the slag. If reactions (d) and (e) are combined 

[FeS] + ptfnS] i / (FeO) (MnO) \ 

(CaS) “ (CaO) Uj . Ipes Kg . LmsI ' 

In the well-known reaction : 

FeO 4 - Mn ^ Fe -1- MnO 

^ (MnO) 

““ - (FeO) [Mn] • • • • 

Eqn. (4) may now be written as 

[S] _ 0-364 ([FeS] -f IMnS]) 0-364 / (MnO) (MnO) \ 

(CaS) (CaS) (CaO) \rMn] Kiljes KtLmsI ‘ 

[S] _ 1-64 [O] / LpeO , -LpeO [Mn] \ 

(CaS) (CaO) L^s ' 

where (FeO) 

~ [FeO] 

In both (6) and {7) the last term in the brackets can be neglected because 
of the large value of the {woduct Kg Luas except when manganese is bipb, 
Eqn. (7) therefore simplifies to e -o 

[S] (CaO) _ 1-64 LpgQ _ 

(CaS)[ 0 ] “ KiLp^ 


( 4 ) 

( 3 ) 

( 6 ) 
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wben Ki = 2-36, Ipeo = 1-03, ipei. = 0*036 (molar instead of weight 
concentrations in slag). 

This value is rather higher than that calculated from some of the experi¬ 
mental melts of Winkler and Chipman which gave values of the order of 
10-15. difference may be tecause of the probable low value of Ki 
referred to earlier. The free lime was calculated assummg the fomation of 
compounds as descnbed by Winkler and Chipman, and their dissociation 
constant for dicalcium silicate of o*oi. This, of course, implies that in 
(CaO) represents the combined concentrations of free lime, magnesia and 
manganese oxide, and that these oxides are equivalent in the desulphunsation 
action. 
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This ffTiH the following figures also contain data from Fetters and Chipman “ 


In a paper using the same experimental data, Grant and Chipman have 
discarded desulphurisation by the above reactions [d) and [e) and attribute 
it to the direct partition of iron sulphide and the mfluence on the sulphur 
distribution ratio of the “ excess base of the slag. The latter was 
calculated assuming lime, magnesia and manganese oxide were eqmvalent 
bases and subtracting from the total base that required to fom dicalcium 
silicate, tetracalcium phosphate, dicalcium aluminate, and if there still 
remained an excess of base, calcium ferrite. In many cases the excess base 
value was negative but Fig. i shows that, even including these cases, for 
a very wide range of slags the proportionality of excess base to sulphur 
distribution ratio is remarkably good, and that the ferrous oxide content 

Winkler and Chipman Tratis Amer lnst,}/Iui Vet Eitg Tech Publ, 1987 (Metals- 

Tech , 1946) 

Grant a-nd Chipman, Tfans, Amer litst, Mw Met Eng , Tech. Publ, 1988 (MetaU 

Tech , 1946). 

Fetters and Chipman Trans Amer Inst. Vnt Met, Eng , 1941,140,170 
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ni the slag apparently has no effect. Fig. 2, in which the absciss® are 
Chipman and Grant*s “ excess base ” di^dded by the oxygen content of the 
metal (little significance can be attached to the negative values), indicates 
that oxidising power is veiy^ closely related to basicity in nearly all their 
slags. Experiments where this was not the case did not conform well with 
the relationship shown in Fig. i, and data of slag-metal relationships where 
the slag is highly basic and poorly oxidising all give much higher distribution 
ratios than indicated by Grant and Chipman. In extreme cases, distribution 
ratios of over 50 have been reported, as in the Perrin process, using a i/i 
calcium silicate slag and about i % iron oxide. In the desulphurisation 
of blast-furnace metal, ratios of over 1000 have been obtained, using blast- 
lumace slag to wdiich additions nf lime and fluorspar have been made 
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(limeisilica ratios 2-3/1). Desulphurisation in the reducing period of the 
electric furnace afforti similar examples which make it clear that for low 
iron oxide slags, the concentration of iron oxide is of great importance. 

Herasymenko ^ and more recently Tempkin have suggested that the 
compounds and free basic oxides occurring in slags are completely ionised 
and there is considerable support for this theory from experiments on the 
measurement of the electiicd conductivitj of slags. Geller investigated 
the electrical conductivity of iron silicate slags, and Martin and Derge 
found considerable conductivity in blast-furnace slags, and developed a 
theory of slag constitution based on ionisation. Assuming that such ionic solu¬ 
tions behave ideally, Samarin Tempkin and Schwarzmaim^^ have inerpreted 
the results of sever^ workers fairly satisfactorily. According to their theory 

»• Herasymenko, Traus, Faraday Soc , 193S, 34, 1245. 

“Temkm, Ada. Physicochtm., 1945, sw, 411. 

Geller, Z. Elektrochem., 1940, 46, 277. 

Martin and Deige, Trans, Antsr. Inst, Min. Met. E>ig„ Tech. Publ., 1560 ion 

Samarin, Tempkin, and Schwarzmann, Acta Physicochim,, 1945, ao, 421. 
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sulphur removal takes place by the partition of iron sulphide between metal 
and slag, their sulphur distribution coefl&cient Ks being given by 

V — __ (gFe-r-*-) (gs—) 

^ [^iFes] [flpes] 


from which is derived 
Ks 


Ko 


(«o-)[S]'“^^(«o--)[S] 


where Kq is the corresponding distribution coefficient for oxygen, and (ms—) 
and (no—) are the number of g.-ions of sulphide ions and oxide ions in the 
slag respectively. Where no acid constituents are present, (no—) is equal 
to the sum of the number of g.-mol. bases present per 100 g. slag (CaO, MgO, 
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MnO, and FeO, the latter being obtained from total iron). In the presence 
of silica, etc., and for sufficiently basic slags, 

(Mq—) = WCaO + ?*MgO + %InO + ^^FeO 2nsiO, — — 3^^I»08> 

(«s-) [0] 


Ks^Koi 


( 8 ) 


(«CaO + «MgO 4 - WMnO + >»FeO — 2 nsiO, “ d^PiOs — dW'Vl.Os) P] ‘ 

The application of eqn. (8) to the experimental data of Grant and Chipman 
(probably the most reliable investigation of slag-metal relationships to date) 

is shown in Fig. 3, where is plotted against The scatter of points 

is similar to that shown in Fig. i and 2. Fig, 4 shows that with one or two 
exceptions the constancy of Ks is good when it is remembered that the 
temperature factor has been neglected. Some of the data of Bardenheuer 
and Geller,’ corresponding to higher sulphur contents in metal and slag, 
plotted on the same figure, axe not so consistent. 

It is clear that the distribution of sulphur between metal and slag can be 
interpreted with reasonable accuracy by three different methods of computa- 
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non, illustrated in Fig. 1-3. 
the t^^’pe 


Fig. 2 and 3 are both based on an equation of 


(S) 

[S]-'® [0] 


(9) 


In the older theory- of slags based on molecular constitution 

^ (Wmo) = WCaO + 4" WMnO — 2«SiO, — 4^P*05 — (““^FeBOa) 

The electrol5^ic ionisation theory of slags is, of course, equivalent to 

^ (^Mo) = WcaO + ^^MgO + WMhO + ^*FeO ““ 2«SiO, — S^PiO* — 3^Al,0a 

and presupposes that the compounds 2Ca0.Si02, sCaO.PgOs, and 
SCaO. AljOs form first and then ionise. The activity of iron oxide in c^cium 
silicate slags containing iron oxides has been explained by Taylor and 
Chipman only by the formation of dicalcium silicate. If further ionisation 
of this compound takes place, then the electrostatic attraction between the 
Ca-^^^ and Si04““ ions formed must be such as to make the final constitution 
chemically indistinguishable from one in which undissociated molecules of 
cMcium silicate are assumed to exist. The dissociation constants of calcium 
silicates assumed by Schenck,® White,^® and Winkler and Chipman^® to 
explain their experimental work, would on an ionisation theory be replaced 
by a factor representing the types of silicate ions formed. The apparentiy 
incomplete ionisation of compounds in slags would be analogous to the 
anomalous behaviour of strong electrol5^es in aqueous solution. 

It would appear, therefore, that to explain slag-metal relationships 
completely, a loiowledge of the degrees of dissociation of the compounds 
formed in the slag is necessary. An attempt to modify the ionic interpreta¬ 
tion represented in Fig. 3, by allowing for the dissociation of dicalcium 
silicate, has been made and is shown in Fig. 5, For the reaction 

4CaO . aSiOg ^ 2CaO . 2S1O2 “f* ^ CaO 


{2CaO . 2Si0a) (CaO)» 

^ = — jCa0.2Si0,) 

was adopted from the work of Winkler and Chipman. A chart was con- 
^ructed similar to those of Schenck ® for the determination of the free 
ba^, i.e., (CaO). In accord with Winkler and Chipman, tetracalcium 
phosphate wras assumed the stable phosphate, and hme, magnesia, and 
manganese oxide as equivalent bases. It was observed that points corre- 
g)on^g to higher phosphate contents lay somewhat higher than a mean 
line drawn through ah the points, especially at low basicities, whereas the 
mverse was the case with points corresponding to highly siliceous slags. 
These facts suggested that^ 

{a) Tw much base is bemg bound as phosphate and that tricalcium 
l^osphate is the more stable compound. This is in agreement with 
the work of Oelsen and Maetz*® on the FeO-CaO-PjOg system, 
and IS also expected from the relative values of the dissociation 
constants of the two compounds. 

(6) Efter the above value of the dissociation constant of dicalcium silicate 
IS too high, or highly siliceous slags do not behave ideally. It is even 
possible that there is no dissociation. 

pe .scatter of points in Fig. 5 is similar to that in previous figures and 
indicates that more knowledge is still required of the disfinriafinn (or 


I* and Cluimaa. rrows. Amer. Inst. Min. Ma. Eng., 1943, 154, 228. 

J.Irm ^1 Inst.. Carmme Mem.. 1938, *7, I “ 

Oelsen and Maete, Mitt. Kaisei^ilhtlm Insf. Eisenforseh., 1941, 93 (12), 193. 
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ionisation) of the compounds present in slags and the effect thereon of 
temi^rature, if slag-metal relationships are to be described more exactly. 

With regard to the nature of slags, the electrolytic ionisation theory may 
present a more accurate phj^ical interpretation of their behaviour and of 
slag-metal relationships, but it is clear that this theory is verj** closely related 
to the older concepts, which may give many a better picture of the processes 
taking place. 

The above treatment has assumed that saturation with sulphide is never 
reached in the liquid steel. There has been, as yet, no indisputable evidence 
of the sep^ation of a liquid sulphide phase from steels containing normal 
concentrations of sulphur, manganese, etc., although it has been suggested 
by Andrews and his co-workers studying laborator}’- ingots, and Gregory ^ 
investigating segregation in ordinary ingots, that a particSy miscible complex 
cont^ing sulphur, phosphorus, carbon and manganese, can be formed even 
'vvithin this range of steel compositions. 
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Loebe and Becker ^ have shown that iron and iron sulphide are completely 
miscible in the liquid state, although the flattened liquidus in the thermal 
equilibrium diagram indicates a tendency to separate into two liquid phases. 
Vogel and Baur found that this separation actually occurs in the ternary 
system iron-manganese-sulphur. Meyer and Schulte ® found that at 1600® c., 
the miscibility gap corresponded to 

[Ifn] [S] =- r^ 2-6 

but that in the presence of carbon this product was reduced to i-a. Similar 
miscibility gaps have been shovm to occur in the ternary systems iron- 
sulphur-carbon and iron-sulphur-phosphomsand Ziegler*’ suggested 

** Andre'w^, Protheroe, Percival and MacDougall, Etghth Report on the Heterogeneity 
of Steel Ingots (The Iron and Steel Institute, Special Report, No. 2=>, i939)» i- 
** Gregory, J. Iron Steel Inst., 1940, x^x, 263, 

2* Loebe and Becker, Z. anorg. Chem , 1922, 77, 301. 

** Vogel and Baur, Archiv Etsenhutien,, i93^i-33» 495* 

Vogel and Bitzau, Archiv Eisenhutten , 1930-31, 4, 549 
«« Vogel and deVries, Archiv Eisenhutten,, 1930-31, 4, 613 
Ziegler, Rev. Mitdll., 1909, 6, 459. 
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that oxygen also may cause the formation of liquid conjugates. It is, 
however, generally believed that even the combined effect of the small 
amounts of these elements usually present in liquid steel cannot cause 
separation of liquid sulphides, and that this phenomenon is only of importance 
in the case of pig iron. 

Partition of siSphur to the slag can take place even though the steel is not 
saturated, as has been described above. The presence of elements like 
manganese, carbon, phosphorus, etc., which decrease the solubility of sulphur 
in iron, should therefore increase the activity of sulphur in the liquid iron 
phase and increase its tendency to separate into the slag phase. The effect, 
though small at ordinary concentrations, will increase as compositions 
corresponding to those on the miscibility gap boundary are approached. 
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Conclusions 

The experimental data which have been examined above show that sulphur 
distribution is best explained by a relationship of the form indicated in 
eqn. (g). The data also show that CaO, MgO, MnO, and FeO in the free 
state can all desulphurise molten iron. It appears probable that their 
desulphurising powers are equal. When these oxides are combined with 
acidic oxides to form compounds, the desulphurising power is correspondingly 
reduced. The states of combination best fitted to the data are 2MO. SiOg 
(or 4MO.2Si08), which is either undissociated or only slightly dissociated, 
3MO. PfPs, MO. AiPa, and MO. Fe^Oj, except perhaps in the case of the 
less basic sl^, when compounds of a more aci&c nature will begin to appear. 
Manganese in the metal can have no effect on the final equilibrium distribu¬ 
tion, except in so far as it may increase the activity of the sulphur in the 
metal phase. 

DepU of Metallurgy, 

The Royal Technical College, 

GlmgoUf, C.i. 









GENERAL DISCUSSION 


Prof. £/• A. GuggenheixxL (Reading) said : Dr. Richardson has given us an 
illummating and instructive siin^ey of what is known of liquid slags. My only 
■criticism is of his diffidence. While in complete agreement with him on funda¬ 
mental matters, I should in places have expressed myself more boldly. For 
example, Dr. Richardson says : Our knowledge of the structure of slag com¬ 
pounds in the liquid state is far less satisfactory’ than in the solid.” Actually 
his survey shows that this knowledge is not at all unsatisfactory and in my 
opinion many of the unanswered questions are unanswered and will remain so 
b^ause they are silly questions. I refer particularly to the question whether 
the liquid slag is composed of molecules or ions. I propose to analyse this question 
rather more deeply than has been done hitherto. 

We know in considerable detail the structures of solid slags and we know’ that 
these structures aie assumed because they are the most stable. We also know' 
Ihat liquid slags are constituted from the same atoms as solid slags and that 
these atoms are subject to the same fundamental laws. Finally, as stressed by 
Dr. Richardson, the entropy of melting per atom is notably small. This shows that 
the structure of the liquid slag must be very similar to that of the solid. I assert 
that this is knowledge, not speculation. The essential characteristic of the 
liquid, differentiating it from the solid, is its greater disorder. We are admittedly 
ignorant of the finer details of this disorder, but that is not a serious gap in our 
knowledge. 

This state of knowledge, which seems to me quite satisfactory, becomes obscured 
when people begin complicating the description by introducing the irrelevant 
words molecules ” and ions,” having apparently forgotten what these words 
mean. I should like to remind them. 

A molecule is the unit which moves about more or less independently in a gas. 
Measurements of the density of a gas determine the number of molecules per 
unit volume and so, in the case of a single gas, the formula of the molecule. In 
highly dilute solutions, whether liquid or solid, measurements of vapour pressures, 
freezing point, e.m.f. and the like determine the number per unit volume of 
solute molecules, that is to say of solute units more or less independent of one 
another. No direct information is given as to what these units are. In other 
words the extent of solvation is completely undetermined. In mixtures other 
than highly dilute solutions, the word molecule has no clear meaning and is 
better not used. (In the case of organic substances the molecule is recognizable 
by X-ray studies in the crystal and it is reasonable to assume its persistence in 
the liquid. This is, however, irrelevant to the kind of inorganic substances with 
which we are here concerned.) 

So much for molecules. As for ions, the name “ ion ” w'as introduced by Faraday 
to denote the part of an electrolyte which moves in an electric field. If we are 
to be faithful to the terminology of our patron, then since a slag is a poor con¬ 
ductor of electricitj’ it can contain but few ions. However, the meaning of the 
word ” ion ” has become distorted, I think mainly by crystallographers, to mean 
an electrically charged particle ; they speak of free ions,” meaning ions ” 
in Faraday’s sense, and of “bound ions.” They also say that a crystal of 
potassium chloride is composed of and Cl" ions. It is well known that the 
energy of formation of the several alkali halide crystals can be accounted for 
by ihe use of Bom’s cycle. In making the balance sheet there are important 
terms representing the mutual polarizations of the cations and anions. In other 
words, in the crystal the potassium ion has to a large extent drawn back to 
itself the negative charge from the chloride ion. In fact according to Pauling, 
the distribution of electrons in a crystal such as KCl is such that the “efiective 
charges ” on the potassium and chloride ions are nearer to zero than to unity. 
The only correct description is that which specifies the positions of the atomic 
nuclei and the average positions of the electrons binding them together. The 
common statement that a KCl crystal is composed of K^* and Cl“ ions is, there- 
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fore, o\erdetailed and unnecessarily misleading. WTiat I have said of alkali 
halides is a fortiori applicable to oxides and slags. 

Let us now apply these considerations to the iron oxide mixture wiistite 
discussed by Dr. i^hardson. I propose to use the old notation Fe* * to denote 
an iron atom in a ferrous compound and Fe * * * to denote an iron atom in a 
ferric compound in contrast to the symbols Fe'^+, Fe‘'++ denoting iron atoms 
which have lost two and three electrons respectively. I shall likewise denote a 
bivalent oxygen atom by O*^. Dr. Richardson’s review of the experimental data 
proves, if proof is needed, that the equilibrium conditions can be simply inter¬ 
preted in terms of the process 

Fe- ■ + JCOs ^ Fe“ • + iCO + iO^ 

The essential point is that on both sides of this equation there are more or less 
independent reacting units each containing a single Fe atom. The questions to 
what extent these atoms are electrically charged and to what extent they are 
bound to oxygen are ill-defined and so not worth consideration. 

Dr, J, S. Anderson (Harwell) (commimicafed) : Prof. Guggenheim rightly 
draws attention to the need to examine critically our use of tiie term “ ion ” 
as applied to solid compounds and the melts derived from them. The classi¬ 
fication of such structures as ionic or “ covalent in constitution is certainly 
arbitrary, rather than clear cut. At the same time, it may be worth noticing 
the follo^ving points. 

(i) The so-called ionic crystals do, in fact, display electrolytic conductivity 
at elevated temperatures. Current is transported by the migration of cliarged 
atoms, which are therefore ions ” in Faraday’s original sense. It is, however, 
quite usual to find that conduction is unipolar, the transport number of one species 
(usually the cation, as in NaCl at moderate temperatures, AgCl, Cul) being 
unity. We must then conclude that the stationary species bears an equal and 
opposite charge, so that the structure can fairly be regarded as built up from 
charged atoms, to which the term ion ” is now attached by common usage. 
The mobility of these charged atoms—^which may (e.g., in Cul at its melting point) 
exceed that of ions in the liquid state—depends on kinetic and geometrical 
factors, not generic factors. 

lii) In their precise determination of the electron density distribution in 
typical crystal structures, Grimm and Peters (1939) showed that in NaCl the 
localised electron clouds corresponded with the electron numbers of the Na+ 
and Cl"“ ions, and that the electron density distribution between atoms falls 
practically^ to zero. Any covalent contribution to binding forces can, in this 
instance, be at the most extremely small. 

(iii) The ionic description of a binary compound is one limiting approximation 
only. A collective electron model, which overweights covalent character, is an 
alternative approximation. Where two elements differ widely in electro¬ 
negativity (e.g., the fluorides and oxides of the metals), the ionic model is usually 
a good approximation. In such a series as the compounds MO, MS, MSe, MTe, 
of some bivalent metal, where the difference m electronegativity decreases 
progressively, it becomes decreasingly permissible to describe the compounds in 
terms of the ionic model. Some coll^tive electron model, which takes account 
of the increasingly important polarisation forces, becomes more applicable. It 
IS in this connection that Prof, Guggenheim’s criticism is paxticul^ly justified. 

Dr* J. O’M. Bockris {London) {commimicated) : The following observations 
are relevant to Prof. Guggenheim’s remarks on the constitution of liquid slags 
and connected matters. 

Prof. Guggenheim states that the structure of a liquid slag is similar to that 
of the solid and that this state of knowledge is satisfactory. This statement 
concerns a well-known fact (the most direct basis for which concerns the X-ray 
analysis of silicates and many liquids have the general characteristic referred 
to; this state of toowledge is a beginning rather than an end of the study of 
the structure of liquids. This can be appreciated from most accounts of the 
structure of liquids.* 

* Parmalee, Clark and Badger, J, Soc. Glass Tech., 1929, 13, 285. 

• Fowier and Guggenheiin. Statistical Thmnodynamics (Cambridge, 1939), 319. 
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The significance at present attached to the word ion is an atom or group 01 
atoms, which possesses one or more net positive or negative charges.” » Prof 
Guggenheim's historical method of taking the definition from that given by 
Faraday is hardly of general applicability as can be realised by consideration 
of the similar special case of l 5 alton*s definition of an atom as an indivisible 
particle. Conclusions based upon definitions of an ion given by Prof. Guggenheim 
may not, therefore, be applied to work in which the usually accepted definition 
is (somewhat excusably) tacitly adopted. 

Prof. Guggenheim's statement that a slag is a poor conductor of electricity 
does not include a reference substance so that its precise meaning is not clear. 
Compared with the electrical conductivity which other ionic conductors have, 
or would be expected to have, under similar conditions the slags hitherto examined 
are among the highest ionic conductors known. Prof. Guggenheim's conclusion 
that, on file grounds of their poor conduction, slags have few ions appears some¬ 
what unjustified. 

Prof. Guggenheim implies that quantitative success of the ionic model for 
certain alkali halides is connected tvith the fact that the mutual polarisabilitie^ 
of cations and anions are taken into account, and that this allows for his 
contention that, in, say, KCl, the K* ion has to a large extent drawn back to itself 
the negative charge of the Cl*" ion. These contentions are in marked disagreement 
with the fact that, taking the mutual ionic polarisabiiities into account, this 
makes less than 10 % difierence to the calculated ^’'alue for the dissociation 
energies of these substances.* 

Dr. J. White {Sheffield) {communicated) : Several speakers have been at pains 
to explain what is now the accepted vievr of the ionic structure of liquid silicates. 
This is now, of course, well known to all workers in this field and is not at issue 
With regard to the use of molecular ” models it seems possible that the use 
of such molecular groupings of ions and of mass-action dissociation constants 
may be simply a convenient means of expressing the effects of the short-range 
order, which, as has been pointed out, almost certainly exists in liquid oxide 
melts. The assumption of “ molecules ” based on the known compositions of the 
solid phases would appear to fulfil the stoichiometrical requirements of such 
order, while the form of the constants used is such that they can probably be 
regarded as expressing the probability of the various types of order postulated 
arising in the liquid. Thus in a solution of atoms or molecules of A and B the 
probability of finding A-B ” bonds ” formed is, in the disordered state, propor¬ 
tional to the product ah (where a and h are the molecular concentrations) and 
is a maximum at the composition AB, i,e., when a = b, (Compare, for example, 
the probability of finding A-B “ bonds ” in a disordered solid solution of A and 
B) If groupings involving two of A to one of B are involved then the probability 
is proportional to aHf and is a maximum at the composition AjB and so on. 
At high degrees of order such as occur in ordered solids, these relationships 
cease to hold and are replaced by additive relations due to the geometrical 
requirements of the particular type of order involved. In the liquid state, however, 
where the degree of order is presumably relatively low, they can probably be 
expected to hold to a fair degree of approximation. The order envisaged is not, 
of course, simply the result of complete randonmess, when the probability ot 
getting any particular type of order^ grouping is very low, but is one which is 
favoured due to the fact that it is accompanied by a free-energy change. 

As an example, the curve showing the relation between the ferric and ferrous 
ion contents of liquid iron oxide and oxygen pressure at 1600° c., as shown in 
Dr. Richardson's Fig. 5, can be consider^. He considers that a slope of 4/1 
is to be expected with both liquid and solid oxides. Dr. Hoar, on the other hand, 
has point^ out that for the solid oxide at least the formation of vacant sites 
must be allowed for, a treatment which has proved satisfactory for the case 
of cuprous oxide, and the predicted slope at low ferric ion contents then becomes 
6/1, Neither is, however, necessarily correct since if ordering occurs allowance 

* Mclnnes. Principles of Electrochemistry (New York, 1939), 17. Starling, Electrictty 

and Magnetism (London, 1943). 170. Glasstone, Electrochemistry of Solutions 
(London, 1945). I 5 - 

* Kartom, Lehrbitch der Elekirochemie (Leipzig, 1948). 
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must be made for the free-energy change associated with such ordering. In the 
liquid state at least, some ordering appears likely as pointed out by Dr. 
Richardson and is formally allowed for m the molecular treatment by writing 

=5 constant. 

Taking AV = 0-132 and Aft = 0*198 (see our paper in this Discussion, these 
values being amended as suggested there to give better agreement with Chipman's 
data) the curve shown in Fig. i is obtained. At low ferric ion contents the slope 
of this curve is appreciably lower than that predicted by Dr. Richardson, but 
changes direction as the composition of FejO* is approached. This is consistent 
with the view that ordering occurs. Further a maximum concentration of 
Fe^O* ** is predicted at the composition of the compound corresponding to 
maximum ordering at this composition as is to be expected. The curve shown 
deviates somewhat from the present writer^s experimental points with decreasing 
oxygen pressure, but this is in agreement with his previou^y expressed opinion * 
that pick-up of iron by the platinum crucibles was probably insaffiiciently corrected 
for, particularly at the lower oxygen pressures. 



Fig. I. 


Dr. T. P. Hoar (Cambridge) (comnixmicated ): I should like to express agree¬ 
ment with the model proposed in Richardson^s paper for the structure of wustite, 
which -we arrived at after a fruitful discussion. The view that ferric ions and 
vacant cation sites may be regarded as partially associated, to an extent depend¬ 
ing on temperature, may well be applicable to other similar cases. It is fair to 
add, however, that the increase of the gradient of the log j&cOj/j&co against 
log [Fe'^’**’*']/[Fe**"^] plot with increasing [Fe+'^‘^] indicates decreasing association 
if we assume ideality; the departure from ideedity must therefore be rather 
great if, as is necessary from first principles, association in reality increases with 
increase of [Fe+ + '*‘]. 

Dr. J. O’M, Bockris (London) (partly communicated ); Whilst agreeing with 
the trend of Dr. Richardson*s conclusions, drawn from certain indirect evidence, 
on the structure of binary silicate melts, I think it is worth pa3dng attention to 
how he gets them. The author states that “ it is therefore proposed to adopt 
a thermodynamic approach ” (to the elucidation of the nature of slags), “ relying 
on the concept of chemical potentials and activities... tempered by ... knowledge 
of . , . structures of solid slag components.'^ An approach to the nature (and 
hence presumably structure) of a phase from the viewpoint of chemical potential 
and activities is likely to be of strictly limited use: thermodsmamic data on 
systems in equilibrium can in principle lead to no information concerning the 
structure of the phase concerned. A proposed structure (based upon some other 
approaches) can be shown not to contradict the thermod3mamic data but, as 

* kite, J. Iron Steel Inst,, 1943, 3> 579. 
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is apparent particularly from the literature of such studies with silicate melts, 
they axe not often diagnostic of a certain structure (cf. their varied use in support 
of entities such as ]VIg2Al4Si50i8; CagAlaSigOig, etc.).« The only definite thenno- 
djmarnic evidence on structure in Dr, Richardson's paper is that on the entropy 
of fusion of sodium silicate. (Prof. Rey's calculations of the activity of silica in 
MO-SiOa mixtures, formally uncriticisable, may be also useful in some way, but 
this is certamly not in the direction of attaining to a detailed model of these 
systems, which, it is submitted, is the first matter not only of academic interest, 
but also of technological expediency.) 

Dr. Richardson's dismissal of the results of Samarin, Tempkin and Schwarz- 
mann's work ’ on certain equilibria between slags and metal as almost certainly 
fo^itous " is misleading. The Russian authors' formulation, following the 
ori^al work of Herasymenko,® corresponds to an ideal version of the model 
which is now being formed from kinetic measurements and in this way is the least 
inaccurate formxilation of such equilibria so far reported. Kheinemann® tried 
to estimate in a very rough way the effect of departures from ideality on 
Tempkin’s equations and a development of these on a proper statistical mech¬ 
anical basis, is surely the direction in w'hich slag-metal equilibrium studies 
should proceed. 

It seems that Prof. Rey has used some unusual ionic radii to reach his con¬ 
clusion that the non-oxygen attraction ♦ sequence does not accord well with the 
order of the liquidus lines in the systems MO-SiOj- Accepting the order stated in 
Rey's paper, the systems and their appropriate ion-oxygen attractions 
are as follows (-SiOg understood in each case): CsgO, 0*22 ; RbgO, 0*24 ; KgO, 
0-27; NajO, 0*35; LigO, 0*45; BaO, 0-51; SrO, 0*59; CaO, o-^; IVInO, 
o-8i ; ZnO, 0-91 ; MgO, 0*95; FeO, 0*87. The sequence of the ion-oxygen 
attractions is therefore perfectly satisfactory except for FeO, the displacement 
of which is doubtless due to the presence of Fe®“ ions (ion-ox3*gen attraction 1*57) 
in FeO^-SiOg melts. These facts support the ionic model of lie silicate melts. 

Mr. J, A« S. Mowat [Cantbridge) said : I am surprised that Dr. Richardson 
should have omitted from his list of methods of investigating the nature of 
slags, the classical methods of mineralogy and petrology-—especially the exam¬ 
ination of thin sections by means of the petrographic microscope. 

Recent papers by Agrell and Mason are devoted to the investigation of 
slags by tiiese methods. Prof. Tilley of the Department of Mineralogy in 
Cambridge, w'ho has made a special study of these problems, has recently identi¬ 
fied a new mineral—“bredigite ”—^in spiegeleisen slagb.^* Similar w’ork is in 
progress in the Department of Geophysics in Cambridge. It may be argued that 
these methods are of value only in determining the structure of solid slags, but 
as pointed out elsewhere in this Discussion, the latent heats of melting of slags 
are small, so that the structures of the liquids cannot be very difterent from 
those of the solids. I feel, therefore, that the evidence of the nature of the 
compounds present in solid slags should be useful in deciding what sort of model 
to adopt when considering the nature of the molten slags. 

Ajs wras pointed out by Sir. ^letcalfe, in the case of basic open-hearth slags 
there may be more than one phase present. A finely dispersed solid lime-rich 
phase, and solid nagelschmidtite, a lime-silica phosphate, co-exist with the 
liquid. In such cases, the petrographic microscope will reveal the existence of 
sohd particles, whereas electrochemical methods will not. 

* Schenck, Physical Chemistry of Sieelmahing (London, 1945), 324. 

7 Samazin, Tempkin and Schwarzmann, Acta Physicochim., 1945, ao, 421. 

* Herasymenko, Trans, Faraday Soc,, i934» 34 * ^245. 

® Kheinemann, BuU, Acad, Sci, UM,S,S., 1946, xo, 1439. 

Tempkin, Acta Physicochim., 1945, ao, 411. 
n Bocliis, Kitchener, Ignatowicz and Tomlinson, This Discussion. 

J. Iron Steel Inst,, 1945, 

J, Iron Steel Inst, 1944, No. 2, 

Miner, Mag., March, 1948, 

/* Inst,, 1945, No. I, 51 1. 

* where e is the electronic charge, and a is the intemucleax distance between 
the metal ions and oxygen ions at the distance of closest approach. 
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Dr. Richardson London) {partly communicated) : I am indebted 

to Dr. Hoar for drawing my attention to the way in which vacant lattice sites 
should be expected to occur in the equilibrium expression for the reaction between 
gaseous oxygen and ferrous and ferric iron in viistite. I have amended my 
original treatment to include this point. 

I am also grateful to Prof. Guggenheim for his constructive comments and 
for pointing out that so far as slag-metal equilibria axe concerned it is irrelevant 
whether any atom or group of atoms carries a net charge or not. A knowledge of 
the electric properties of these melts does, however, help in developing a det^ed 
model, and should assist in understanding detailed reaction mechanisms. 
Conductivity and transport experiments indicate at what boundaries shear 
takes place in these liquids and hence the weakest linkings in that giant molecule 
which is a slag. Finally the electrical properties may be of considerable impor¬ 
tance in arc furnace processes. 

With regard to Mr. Mowat’s remarks on the value of the petrographic micro¬ 
scope, I fully agree that this is an extremely useful instrument, since it can be 
used to identify phases produced in slags after cooling or quenching in various 
ways, and to measure their optical properties. I feel, however, that its application 
is covered in my paper by my reference to the value of phase diagrams, for it is 
in the construction of them that the petrographic microscope is most valuable. 

Dr. Bockris seems to think that my paper contains too much thermodynamics 
and too little direct evidence of the constitution of liquid slags. This could 
hardly be otherwise since at the present time most of the research on liquid 
slags has consisted of slag-metal equilibrium studies. Our intimate knowledge 
of liquid slags has to be inferred from our knowledge of the crystalline state and 
of solid glares. I would agree with him that classical thermodynamics alone, 
and that really means the results of thermal and equilibrium measurements, 
cannot give an intimate picture of slag structure. This can be obtained only by 
collecting information derived by many methods and piecing it together, as I 
have in my paper. The resultant picture must, however, check with the energies 
and entropies obtained by thermod^mamic methods, and if it fails to do so it 
must be wrong. The great power of tibe thermodynamic method is that it enables 
information derived from many sources to be applied quantitatively to the 
systems with which we are particularly concerned, and immediately reveals 
inconsistencies and discrepancies. 

Dr. Bockris also suggests that I have dealt unfairly with the ionic representa¬ 
tion of slag-metal equilibria. I have said that it is fortuitous that the simple 
ionic treatment developed by Tempkin and others fits the sulphur equilibrium 
between slag and metal so well. By this I mean that had the}^ applied it to other 
systems than basic slags containing calcium, iron and manganese, which show 
very similar difierences between their energies of association with oxygen and 
sulphur, it would not have proved satisfactory. It is not necessarily an ^vance, 
to express the equilibrium condition in terms of ions, although I agree that it is 
frequently more convenient. For instance, it is more convenient to express the 
sulphur equilibrium between iron and basic silicate slags in terms of the equation, 

[S] + ( 0 -) == [O] + (S-), 

rather than, 

[S] -h (O not attached to silicon) === [O] + (S not attached to silicon). 

As Prof. Guggenheim's remarks also suggest, it is more sensible and in most 
cases more sSictiy accurate, to express fiie equilibrium in terms of atoms or 
groups of atoms, and to regard the slag as one giant molecule in which certain 
atoms, or groups of atoms, can substitute for one another as the equilibrium 
conditions are changed. 

In :^ly to Mr. Emley's query concerning the calculation of the activity 
coefficients of slag components directly from various ionic models for slag 
structure, by means of Debye-Huckel theory, I know of no attempts to do this. 
Since that theory deals solely with the coulombic forces between entities carrying 
various charges in a medium of uniform dielectric constant, it seems to me that 
it cannot at present take account of the efiects of ion sizes and repulsive energies, 
or the ''covalent ’* bonding in systems of close-packed atonis or ions. I feel that 
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a more promising approach might come from an extension of the ideas developed 
by Bom, Haber, M^elung and others for the energetics of ionic crystals. 

Dr, P. Herasymenko {Sheffield) said: The contribution by Dr. Willis is a 
very able demonstration of the inadequacy of the two postulates frequently 
used in theoretical treatment of equilibria between metal and slag: 

(i) the assumption of the existence of oxides and molecular compounds in 
slags, and 

(li) the assumption of the validity of the ideal mass-action law. 

Several authors have tried to show in this Discussion that there is no funda¬ 
mental difference between the theories based on ionic concepts and on the 
assumption of neutral oxides and their compounds. Dr. Willis proves that a 
formal similarity can be observed only in special cases. 

In their early attempts, many metallurgists laid too much hope in the ideal 
mass-action law considering it as the only method capable of bringing about 
some theoretical order in the complexity of slag-metal reactions. This hope has 
not been substantiated by further researches and the ideal mass-action law has 
proved to be rather a Procrustean bed. Unfortunately the theories of concen¬ 
trated liquid solutions are not yet sufficiently developed to be of much help in 
predicting the physicochemical behaviour of slags. It is questionable whether 
the application of Hildebrand's ideas on regular solutions to slags will be success¬ 
ful, A regular solution is defined as one in which the distribution and orientation 
of particles are completely random. Electrochemical nature of slags implies 
already a certain order in distribution of charged particles, and there are many 
other indications that ionic silicate melts possess a considerable degree of struc¬ 
tural order which depends on the composition and is not very remote from the 
order of crystalline bodies. In this respect the work of Dr. Bockris and Dr. 
Kitchener and Messrs. Ignatowicz and Tomlinson gives an important information. 
Amongst many interestog results of their investigations I shall emphasise the 
occurrence of maxima on file curves of activation energy at certain compositions 
of melts studied at the Imperial Collie of Science and Technology. 

The occurrence of maxima and sudden changes in the properties of silicate 
melts is a quite general phenomenon. From the analysis of the existing experi¬ 
mental data on viscosity and other properties, I have also come to the conclusion 
that the activation energy of rate processes can serve as a good indication of 
structural changes in silicate melts—^in some cases even more sensitively than 
the absolute values of viscosity or conductivity. This is illustrated in Fig. i, 
sho^\dng the viscosity isotherms (at 1350® c.) and the activation energies for 
the systems KaO-SiOa, NajO-SiOj and LiaO-SiO, investigated by EndeH and 
co-workers.^ * Similar maxima and abrupt changes in activation energy of viscous 
flow were found to occur at almost the same molar contents of silica in the 
systems CaO-SiOj^’ and CaO-MgO-SiOa.^® Sudden breaks in the potential- 
composition curves were obser\'ed by Chang and Derge for galvanic elements 
composed of graphite and silicon carbide electrodes in molten CaO-SiOj slags. 
All data indicate that profound changes take place in silicate melts when the 
ratio of silicon atoms to oxygen atoms exceeds certain values. EndeU and 
Hellbrngge and Preston explained these changes by the existence of various 
types of ^cate anions. Thus at high Si/O ratio, the silicate melts contain mainly 
particles with three-dimensional framework of silicon tetrahedra ; when the 
Si/O ratio decreases, only two-dimensional network particles of silicon tetrahedra 
are able to exist in the form of rings; at still lower Si/O ratio (below about 3) the 
ring complexes dissolve into chains, the extreme case being the single SiO^*- ions. 

This classification involves the assumption that silicon atoms (ions) possess 
only tetrahedral co-ordination. The assumption cannot, however, expl^n the 
behaviour of silicate melts entirely satisfactorily. The fact that an increase of 

Endell and Heidtkamp, Glassieckn, Ber, 1936, 14, 89; EndeU and HeUbrixgge, 
Beth. Z. Vent. D. Chem., 1940, Nr. 38. 

Rait and Hay, J, Roy. Tech. Coll. Glasgow, 1938, 4, 252; Rait, McMiUan and Hay, 
J. Roy. Tech. Coll. Glasgow, 1939, 4, 449. 

^8 McCaflfery and others. Tram. Amer. Inst. Min. Met. Eng., 1932, 100, 64. 

Chang arid Derge, Trans. Amer. Inst. Min. Met. Eng., 1946, Tech. Pub. a, lox. 

*8 Preston, J. Soc. Glass. Tech., 1942, 82. 
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temperature alone leads to a large decrease of the viscosity or, in other words, 
to tibie transformation of large anionic complexes into simpler particles, can 
be interpreted only on the assumption that free silicon and free ” oxygen 
ions are also formed in this dissociation of complexes. 




Fig. 1.—Viscosity and activation energies of flow in KgO-SiOg, NagO-SiO^ and 
LigO-SiOj melts from the data of Endell and co-workers 


Let us consider, for example, the reaction schemes for the thermal dissociation 
of a hexagonal ring-shaped anionic complex into simpler charged particles. 
Two of the possible schemes are indicated in Fig. 2. Almost aU dissociation 
schemes lead to the formation of “free " silicon cations and “ free ” oxygen ions. 
By the term “ free ” silicon ions we understand silicon ions having a larger 
distance from the oxygen anions than silicon atoms in the tetrahedral complex 
Si04; this corresponds to the higher co-ordination number, probably 6, for 
silicon in silicate melts. The existence of free silicon and free oxygen ions in 
silicate melts is thus a logical necessity following from the ionic theory and 
from the thermal dependence of the viscosity. The silicate melts represent 
e(}ui!ibrium nuxtures of free metallic and silicon cations, free oxygen anions and 
various types of complex silicate anions. The proportions of different complexes 
In the melt will depend on the ionic environment. 

Dr. 'Willis mentions that the correct equation for the phosphorus reaction 
sh ou l d be: 

2P 4 * 5Fe++ -1- 8 « 2PO4'" + 5Fe. 

This equation was suggested in my paper in 1941," where it was shown that the 
Herasymenko, Z EUhirockem.t 1941, 47, 588. 
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equilibrium ratio of this reaction strongly depends on the contents of calcium 
and oxygen ions. In our recent investigation we succeeded in resolving the 
effects of calcium and oxygen ions : the activity of phosphate ion depends only 
on the content of Ca"^” ions, whereas that of ferrous ions is influenced by oxygen 
ions only. 



• S/^cst/o/is. O -Oxygen anions 

Fig. 2.— Two schemes of the thermal decomposition of a ring of silicon tetrahedra 

The effect of calcium ions on the stability of phosphate ion can be explained 
as follows. Central (phosphorus) atom in the complex attracts oxygen atoms 
more powerfully when the ionic environment of the complex ion is more feeble. 
When the small Fe'^+, Mg'^-+ ions surrounding PO4'" are gradually 

replaced by larger Ca'+ ions which produce a weaker electrostatic field, the 
distance between oxygen and phosphorus atoms in the complex decreases and 
phosphorus is more effectively shielded. 

This is probably a general phenomenon for complex oxygen-bearing anions. 
The electrostatic influences of environment can explain the variations in the 
stability and reducibility of complex ions; therefore it is necessary to assume 
the formation of undissociated molecules of calcium phosphate, calcium ferrite, 
etc, 

A remark on the terminology seems to be warranted at this plaoe. Formulae 
expressing the mass-action law for metallurgical equilibria lead as a rule to values 
which vary with the composition of slag. It seems illogical to call them constants 
and I would suggest that we use instead the term “ equilibrium ratio.” (German 
workers translate the equilibrium constant ” as Gleichgewicktskennzahl.) 

Dr. P. Gross (Stoke Poge<) said : Dr. Herasjnnenko has mentioned that the 
application of Debye and HuckePs theory of electrolytes to slags might elucidate 
some points of their behaviour. According to Debye’s theory, ttie mutual electro¬ 
static interaction and the Brownian dispersion of the ions leads to an ion 
atmosphere (of opposite sign) surrounding each ion. The radius of this atmosphere 
is the characteristic length of Debye’s theory, and its variation with the concen¬ 
tration for dilute solutions of ions in non-ionic media is related to the dependence 

** Herasymenko and Speight (unpublished investigation). 
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of the average electncal potential of the ions, and hence of their activity coeffi¬ 
cient, on the ionic concentration. 

In sufficient dilute solutions of molten electrolytes in each other, the dissolved 
ions are surrounded by solvent ions of the opposite sign, and the average radius 
for this atmosphere (which is not essentially influenced by the thermal move¬ 
ment of the ions) is not dependent on the concentration but is essentially constant. 
The electrostatic activity coefficient is therefore constant (i e., unity), and dilute 
solutions of electrolytes in fused salts behave as ideal dilute solutions. It seems 
unlikely that consideration of the pure electrostatic interaction can contribute 
anythmg which goes further than these rather old conclusions.*^ 

Dr. H. J- T. Bllingham (L<yndon) {communicated ): In view of the importance 
attached to the ionic constitution of slags, it would seem desirable to apply to 
these systems methods of investigation involving e.m.f. or decomposition 
voltage measurements illustrated in the paper by Rose, Davis and Ellingham 
(this Discussion). Measurements of e.m.f. of cells of the type, M|slaglOs, where 
M is a metal whose ions are present in the slag and which does not displace other 
metals contained in it. For this purpose an ettectively reversible oxygen electrode 
can be obtained by the use of silver as an intermediary ; oxygen is bubbled 
through the melt in the vicinity of a silver plate or wire or, at temperatures 
above the m.p. of silver, through the molten metal contained in a porous vessel 
dipping into the melt.** By such means the relative activities of certain metal 
ions in related types of slags might be estimated. It mi^t also prove possible 
to develop the use of a sulphur gas electrode for investigating slags containing 
metallic sulphides. 

Mr. P. T. Garter {Glasgow) said: The existence of completely ionised molten 
slags has been stressed in several of the papers presented to this Discussion. 
Whereas the evidence of the well-known crystalline structure of sob'd sibcates 
and of the ionic conduction of molten silicates cannot be refuted, it is felt that 
the distinction between a slag constitution based on ions and one based on 
the assumption of the existence of compounds in the slag is more nominal than 
real. In the paper by Bockris, Kitchener, Ignatowicz and Tomlinson reference 
is made to the pink colour of fused MnO-SiOa mixtures up to 6o % MnO. Molten 
MnO-SiO, mixtures of compositions near that of rhodonite (jMnO.SiOj) on 
quenching certainly give rise to a pink glass, which can be further annealed to 
give pink cr3rstalline rhodonite. Glasses obtained by quenching molten mixtures 
of compositions approaching that of tephroite (zMnO . SiO*) show the green 
colour of manganous oxide, whilst in the crystaUine state tephroite is almost 
colourless and manganous oxide is green. If the pink colour of molten rhodonite 
is to be attributed to the presence of manganous ions, then it must be inferred 
that all the manganese cannot be present as manganese ions in melts richer in 
MnO than IVInO. SiO*. It is agreed that, e.g., in molten 2 MnO. SiOa, the 
silicate tetrahedia known to be present in the solid state should still exist, but 
it is suggested that the electrostatic attraction between Mn+ + and SiO**" ions is 
such as to make the resultant structure equivalent to a ‘‘ molecule ” of Mn2SiO* 
(further association of these ** molecules *' may of course occur). It has long 
been accepted that there is no sharp dividing line between ionic and covalent 
bonding and it is suggested that some intermediate type of bonding exists in 
this case. The electrostatic attraction of SiO*~ ions (the anion expected from 
MnO . SiOt) whether sin^ or in chains, might be expected to be less, giving rise 
to MnSiO* groupings in which the manganese ions are less closely held. They 
may even be completely free, thus repiesentmg true ions. 

This picture is thought to apply with equal force to dicalcium silicate and 
trkalcium phosphate. These axe two of the most important compounds found 
in solidified bask slags, althou^ others have been found, e.g., merwioite 
(3 CaO. MgO, 28102) and various substituted dicalcium silicates, e.g., 
<^0 , BlnO . SiOt, and one would not be surprised to find similar groupings still 
persisting in the liquid state. (If objection is taken to the words ** compound " 
and '' molecule,** the terms “ ionk compound ” and ionised molecule ” may be 

•* Gross, Z. anorg^ Chem,, 1926, X50, 339. 

** cf. Baur and Tobler, Z, Elekirochem., 1933* 39 i 169* 
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preferred.) Recent viscosity measurements by Losana support the occurrence 
of the compounds 2 FeO . SiO* and 2 MnO . Si02 in liquid slags. A separation 
of these groupings of atoms into ions would be expected to take place in the 
molten state under the influence of an applied electromotive force. The com¬ 
pounds nagelschmidtite, 7 CaO . p20g. 2 Si02, and silicocamotite, 5 CaO . P2O5. 
S1O2, are actually solid solutions of Ca2Si04 and Ca8(P04)2 and occur over a range 
of compositions along the CaaSi04-Cas(P04)a join (which seems to be a true 
binary section) in the CaO-SiOa-*P208 thermal equihbrium diagram, so that 
there is no need to postulate the existence of such “ compounds in the liquid 
state. 

Willis in his paper suggests the existence of discrete PO4-ions, and on 

this basis represents the reaction for the removal of phosphorus as 

2[P] + 5[Fe++] + 8[0-"3^2[P04- ] + 5 Fe, 


whence 


(PO4— 

"" tP]MFe+-)» (O—)8 


(I) 


From this it is seen that K is expressed in terms of instead of > 

the ratio used by many recent investigators of this problem.®* 

It is known that phosphorus removal does not take place, unless (PO4-1 

ions are removed from the sphere of action by the action of strong bases such 
as Hme. The assumption of a specific combination between Ca+ + and (PO4-) 

ions results in K being expressed in terms of 
sented as follows— ^ 


if the reactions are repre- 


In the metal, 2P + 5O ^ P^Ob. {a\ 

At the interface, PjO^ (metal) ^ PaO^ (slag) .... (6) 

In the slag, PjOg + 3O—^ 2PO4-. . . . {c^ 

3Ca+ + + 2PO4-^ Ca8(P04)a . . . {d) 

Combining reactions (a)-(<f) 

_ (P2O _ 

[P]* [Oy (0“)» {Ca+-)® • • • 


If reaction (d) were to go only to partial completion, a ratio intermediate 

between ” would be expected, and would explain why certain 

workers find phosphorus distribution explained equally satisfactorily using 
either of these two ratios. The writer would prefer, however, to regard calcium 
phosphate as being essentially un-ionised in the sense indicated above. It is 

agreed that if relatively stable ionic complexes such as 3Ca'^ f. 2PO4-are 

formed, they may not form ideal solutions, but it is felt that an equation of the 
general form shown by (2) governs phosphorus removal in steel making, and 
from such an equation the qualitative factors of importance can be deduced. 
(O —) obviously depends on -flie oxygen ions which can take part in reaction (c ). 
It would be expected to include all "excess basic oxide,” which may be given 
by an equation of the form. 


(O ) = S(WMO) = ’^O + «MgO + »MnO + «FeO — ^^ZSiOj —3«PiO* — «A1»0, “-«!F^OW 
as discussed by the writer.®* 

It is probable that more oxygen ions are available from the breakdown of 
silicate tetrahedra. 

Si04*'^Si08~ + 0“- .... (4) 

or PjOfi -f 3Si04*" 2PO4-+ sSiOj— • • • (5) 

In other words, oxygen ions from sites on the silicate tetrahedra are also 
available for phosphate formation. The extent of reaction (4) could be arrived 


** Losana, AtH delle Raele Accad, Sci, Torino, 1942-43, 78, 194. 

®» Winkler and Chipman, Trans, Amer, Inst, Min. Met, Eng., Tech. PubL, 1987* 
®’ Balajiva, Jarrell and Vajragupta, J, Iron Steel Inst., 1946, 153, 115. 

** Carter, This Discussion. 
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at by the application of methods such as those of Winkler and Chipman •• and 
Murray and WMte.^* 

WTietlier other metallic ions can be included in the term depends on 

the stability of the relevant phosphate. It is probable that (Mg+'^) can be 
included, but not (Mn'*‘ or (Fe"^^). Further knowledge of the stability of these 
phosphates m the presence of iron is required. 

The writer finds it difficult to appreciate tiie explanation given by Bockris, 
Kitchener, Ignatowicz and Tomlinson, for the greater conductivity of MnO~SiOj 
compared with CaO-SiOs given in Table II of their paper, unless it is to be 
inferred that the breaking-up of the silicate structure due to the greater coulombic 
attraction of IMn'" + for O — can take place without the disturbed oxygen ions 
affecting the progress of the manganese ions during cationic conduction. In the 
same paper, this is also referred to as a disturbance of the structure of the silicate 
by the metal ions, which seems to describe the process better. The viscosity 
of the hlnO-SiOg slag referred to in Table II is given by Towers and Gworek*® 
as approximately 6 poises. 

With regard to terminology, it is suggested that, to avoid confusion with past 
phraseology, where the word dissociation was used to describe reactions such as 

2CaO . SiO* ^CaO . SiO, + CaO ... (6) 

the word dissociation should not be used for the breakdown of a compound 
into ions, but that the term ionisation is more appropriate. One would therefore 
speak of the ionisation of FeO, rather than the dissociation of FeO. It may, 
however, be correct to speak of the dissociation of ions into simpler ions, as 
(6) is equivalent to 

SiO/-^SiO“H-0*— .... (7) 

Dr, T. P. Hoar (Cambridge) said : The importance of this pioneer work* makes 
one wish it had been possible to publish it with full experimental details The 
experimental results given in Fig 5-7 show manj" interesting anomalies— such 
as the large slope of curve 3 of Fig. 5, and the breaks in curves 4 and 6—that 
deserv-e the much more detailed recording that would warrant a fuller discussion. 
At present it is difficult to assess the accuracy of the derived results given in 
Table II and Fig. 2-4, on which the authors found a good deal of their discussion ; 
in particular, Ihe important high values of and A for the 45 %-CaO com¬ 
position in the Ca(>-Si02 system are not derivable from the experimental 
log 3c~i/r curve of Fig. 5, and the experimental curv^e from which are derived 
the corresponding values for the 65 %-MnO composition in the MnO-SiO* 
system is not given in Fig. 6. 

With the general picture of cation migration through a relatively immobile 
magma of polysdicate anions, I am in agreement. The facts that the divalent 
cations appear in general to migrate more easily than the monovalent, while the 
tervalent Al+‘^'^ has very small mobility, appear explicable on the basis of size 
and charge; the higher the charge, ihe smaller the ion and therefore the more 
easily can it pass through the polysilicate interstices, unless the charge becomes 
so high (3 +) that the ion remains mote or less fixed to an —on the anion. 

I do not agree with the authors’ suggestion that a small cation such as A 1 + + + 
** has the efiect of attracting some of the oxygen ions held in the silicate tetra- 
hedra and thus breaking down the structure.” The polysilicate structure must 
be broken down by the addition of oxygen ions—^i.e., by the addition of any 
metallic oxide—as pointed out by Herasymenko in this Discussion. 

Mr, R. P. Bradshaw and I are engaged in a study of conductivities of systems 
himilar to those investigated by the authors, using a rather difierent experimental 
technique; first results are imminent, and we look forward to the continuance 
of fruitful discussions and arguments with Dr. Bockris and his collaborators 

Dr. J. O^M. Bodkris (London) (communicated^ : In reply to Dr. Carter, it 
seems necessary to stress that the ionic or molecular method of representing slag 

** Murray and White, This Discussion. 

•• Towers and Gworek, J. West Scot. Iron Steel Inst,, 1943-44, 5X, 123. 

* Bodcris, Kitchener, Ignatowicz and Tomlinson, This Discussion. 
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constitutions are neither nominally nor formally but essentially difierent. Con¬ 
vincing evidence on former differences is given in Willis’s paper. 

Dr. Hoar’s criticism of lack of clarity in the presentation of graphs is admittedly 
justified. The length of the paper was already greater than that requested for 
the meeting. The value of for 45 % CaO — SiOg melt is, as he points out, 
too high. It is intended to publish further results in much greater detail. 

I do not at present think, as Dr. Hoar does, that the size and charge of the 
ion are sufficient to explain the variation of conductivity of different systems with 
the same molar fraction of SiOa at the same temperature. Dr. Hoar perhaps 
somewhat misunderstands the model we suggest. We consider that the coulombic 
field of the cation tends at first to break up the silicate lattice and that this 
results in an increasing conduction (other conditions being the same) for increasing 
ion-oxygen attraction until the latter is sufficiently high for it to compete with 
that of Si**. When this is so (e.g., for Al*+) there is a resultant lattice-forming 
effect (and not a breaking-dowm effect as Dr. Hoar assumes). This, we suggest, 
is why the conductivity increases with the ion-oxygen attraction for larger 
ions but decreases for Al®*’*. This tentative theory can only be proved or disproved 
when values are available for a considerably greater number of ions than at 
present. In this connection we eagerly await news of Dr. Hoar’s first measure¬ 
ments. 

Dr. J. White (Sheffield) (partly communicated ): Dr. W. F. Ford and I have 
been carrying out a somewhat similar investigation*^ to that described by 
Dr. Bockris and his colleagues, and w^e have had several discussions with them. 
We have been concerned, however, mainly with the effects of melting on the 
electrical properties of our mixtures, which have been previously melted 
CaO-AljOs-SiOs compositions, and the temperature ranges covered above the 
liquidus temperatures have been rather narrow so far. With this reservation we 
find that the log x-i/T plots of our mixtures are closely linear in the completely 
liquid state and in the solid state up to some 5o®~ioo® c. below the (eutectic) 
melting point. We get activation energies of 20-30,000 cal./mole for the solid 
state, and probably rather higher than this for the liquid. Unlike those of the 
authors our curves represent steady values obtained after holding the temperature 
constant for a sufficient time at suitable intervals during heating or cooling. 
It is then found that the rise of conductivity associated with melting consistently 
begins below the melting temperature. (The curves of Wejnarth, to whose work 
the authors refer, indicate similar behaviour when compared with the cor¬ 
responding thermal equilibrium diagrams.) Since the energy of activation obtained 
from the slope of a linear log x plot is in reality the sum of an energy of disorder 
(or vacant site formation) and an activation energy of mobilitj% such behaviour 
can be formally accounted for in terms of a progressive co-operative decrease in 
the former term as the melting point is approached, thus constituting pre- 
melting.” It is difficult to be certain that traces of impurity may not be respon¬ 
sible, however, though the phenomenon appears to be of fairly general occurrence 
with silicates. 

Supercooling readily occurs, not only on cooling from above the melting point 
but also on cooling from within the premelting range. In the latter case the 
return to equilibrium simulates a ffist-order reaction the velocity of which 
exhibits an inverse exponential relation with temperature, i.e., it increases, 
probably to a maximum, as the annealing temperature is decreased suggesting 
that some form of nucleation mechanism is involved. 

Over the range of frequencies used (316-10,000 c./sec.) the capacity-temperature 
curves show a qualitative similarity to the conductivity-temperature curves 
in that the capaci^ rises steeply below the melting point, then more 
slowly once the melting range has been entered. At constant frequency, curves 
of i/<aCi? (the tangent of the loss angle) against temperature show pronounced 
absorption inaxima at temperatures close to the eutectic melting point, the peak 
temperature increasing slightly with increasing frequency. At constant tempera¬ 
ture but increasing frequency peaks in the i/«CR curves are also observed within 
the frequency range used at temperatures from the premelting range upwards. 

Our experimental conditions differ from those of the authors in that we have 

Bfit. Ceram. Res, Association Report (in press). 
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worked in an oxidising atmosphere throughout using bright platinum electrodes. 
With these we find that both resistance and capacity vary appreciably with the 
frequencj’’ as might be expected from the foregoing. It is not possible to account 
fully at present for the diherences between the authors’ observations and our own 
but, bearing in mind the order of the relaxation times indicated for the absorp¬ 
tion mechanism and the other relationships observed, it seems possible that 
with platinum some form of ionic separation in the vicinity of the electrode 
surface gives rise to polarisation effects. Molybdenum may take part sufficiently 
in the cell reactions to prevent this. 

Prof. J. Chipman [Cambridge, Mass,) said : In view of what has been said 
regarding our limited knowledge of the constitution of liquid slags, perhaps a 
few words are in order in support of the methods of calculation used by Murray 
and White. 

The fact that the thermodynamic properties of slags can be recorded in the 
form of simple equations such as those here employed cannot be taken as proof, 
or even as an indication, that the formulae represent molecular entities in the 
slag. I doubt that anyone who uses such formulae imagines that he has thereby 
solved the problem of the constitution of slag. The authors specifically disavow 
any such claim and regard their treatment as “ purely formal.” It is possible 
in fact to represent a given set of thermod3niamic data equally well by alternative 
groups of formulae and equations by the simple expedient of introducing activity 
coefficients; and this is equally bne whellier the formulation be in terms of 
compounds or ions. 

The plain fact is that the thermodynamics of slags has advanced more rapidly 
than our knowledge of slag structure (perhaps bemuse it is more interesting) 
We do not have a satisfactory structurS model upon which to base our compu¬ 
tations and are forced to improvise such formulae as those used by Dr. White. 
The usefulness of such a set of equations should be judged only by its ability to 
reproduce the thermodynamic data. The fact that the equations here presented 
are able to do just this without the aid of acti\dty coefficients other than unity 
adds the desirable element of simplicity to their evident utility. 

Prof, M, Rey (Paris) said : It \vbs pointed out by Dr. Bockris in the Dis¬ 
cussion that the thermodynamic approach could not reveal the structure of the 
system studied nor provide a worldng model. I quite agree with him. Thermo¬ 
dynamics is a system of energy relations which is independent of the nature of 
the forces acting within the system, but I would like, however, to insist on the 
fact that the models of structure which are proposed must in all cases be m 
agreement with the thermodynamic relations. I shall point out two applications 
of this principle. 

The first is, as Prof. Guggenheim remarked, that the variation in entropy 
during the melting of a silicate being small, the structure of the liquid silicate 
must be similar to that of the sohd silicate. The second is related to the possibility 
of the presence of free metallic oxides in fused slags which has usually been 
assumed by metallurgists. 

I have shown the great difference in thermodynamic behaviour between, 
say, the SiOt-NajO system and the SiOa-FeO system. The structures must, 
therefore, acccarding to the above principle, differ appreciably. In the second 
the metallic cation tends apparently to retain its oxygen and this slows down 
breaking-up of the silica structure. Dr. Richardson expressed the same 
idea when he said that the need for a high co-ordination of the metallic cation 
with oxygen was responsible for the behaviour of the system. The old conception 
of some free iron oxide in a fused iron siHcate is, therefore, not without some 
basis. I vsrould not agree with Dr. Guggenheim that this idea is so vague that it 
is without practical use. It has, in fact, been used by metallurgists with some 
success. But the point where the metallurgists have gone astray is in the estimate 
of this free iron oxide. They have assumed that a quantitative estimate w^as 
given by ihe lario between the amounts of free oxide and total oxide. This esti- 
zna^ has validity only in tystems which are not far from ideality. The correct 
estimate of the free oxide is not a measure of quantity of free oxide, but one of 
the degree of freedom of the oxide. In other words, it is a measure of the chemical 
potential or of the thennod3maznic activity of the oxide. 
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SpeaJring in terms of chemical potential, I would say that in liquid iron or in 
fused calcium fluoride, which have a low capacity for dissolving iron oxide, or 
where the activity coefiScient of iron oxide is high, the activity and chemical 
potential of iron oxide increase very rapidly with even small additions in contrast 
with slag systems which have a much greater capacity for dissolving the oxide. 
To my way of thinking, it is only in thir sense that the old idea of Schenck and 
other metallurgists of the presence of f ;ee oxides in slags can be reconciled with 
facts and can be made really usefu^ 

I would also like to comment on the activity of silica as shown in Fig. 5 of the 
paper by Murray and White. In their diagram, liquid supercooled silica is used 
as reference state. Now if eqn. (i) of my paper, or (i) of their paper (which is 
my equation reversed), is used to calculate ihe ratio between solid and liquid 
activity at 1600® c., using the value ai 1835 cal. for the heat of fusion of silica 
derived by Kracek (a value which I have used throughout) it is seen that the 
liquid activity is only 3 % less than the solid activity. 

The solid activity is unity at the saturation point. Therefore the activity 
curve of silica must be much steeper than shown in the Figure between 40 and 
65 molar % silica and must run very near to the horizontal between 65 and 
100 molar %. It may be argued that my deductions depend upon the accepted 
heat of fusion of silica which is uncertain. The authors accept an old figure of 
6800 cal./mole. But this figure is very likely erroneous and it is worth noting 
that Kelley,®* in his re\’iew of the data available, adopts 2100 cal./mole as the 
best value. 

However another argument can be given. If Fig. 5 was established, not for 
1600® c. but for the melting point of cristobalite, it would, using the method 
of calculation of the paper, give an activity curve of silica only a little higher 
than the one drawn. In this case, liquid and solid activities vrould be identical 
and the activity curve of silica should, because of the gap in miscibility, be very 
close to unity at 72 molar % silica. 

I believe that, because of the gap in miscibility on the siHca side of the diagram, 
we must admit presence of a bulge in the curve for the activity of silica, which 
cannot be accounted for by the assumption of an ideal solution of various con¬ 
stituents. 

Finally, it should be noted that the agreement showm in the Figure between 
the curve drawn and the potentiometric determinations of Chang and Derge 
has no significance as the activities, in terms of cristobalite, given by these 
authors, have been arbitrarily multiplied by 0-509, the value assumed to represent 
the ratio between liquid and solid activities. The values of Chang and Derge 
are in agreement, as I showed, with the curve of actmty of solid silica but 
they cannot be used as a check of an activity curve of the liquid. 

Dr, J. 0 *M. Bockris (London) said; The inflections which occur in the 
logx-i/r relations for 35 % and 45 % CaO in the CaO-SiO, system are similar 
to those observed by Bloom and Heymann ®* for simple binary salts and by Martin 
and Derge *® in the system CaO-AljOa-SiOg. A “ premelting ” phenomenon 
seems to be involved in most of these cases : in the system containing 45 % CaO 
in the present work, inflection appears approximately at the m.p., the more 
marked fall at the “solidification point” occurring at temperatures much below 
the m.p. as in most systems examined in our work. A closer investigation of the 
whole (rather complicated) behaviour of the conductivity in the region of the 
m.p. is planned. 

Prof. Chipman maintains that by selecting the right compounds, the activity 
coefficients in slag equilibria can be reduced to the order of i and seems to 
imply that this supports the existence of such entities in liquid slags. As 
indicated above, this reasoning can never be good evidence for such structures 
whilst the thermodynamic equations can be thus satisfied in several v^ys. 

*® Kraoek, /. Amer, Chem. Soc,, 1930, 52, 1436. 

®* C 7 .S. Bur, Mines Bull,, No. 393. 

Bloom and He3ngiann, Proc, Roy, Soc, A, 1947, 39 ** 

Martin and Derge, Traits, Amer, Inst. Min. Met, Eng., Tech. PubL, 1569. 
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Mr, D, W. Hopkins (Swansea) (communicated) : The eifect of the addition of 
oxides capable of combining with ferric oxide on the activity coeificient of the 
latter has been w^ell brought out by Mr. Murray and Dr. White in their paper. 
The writer puts forward the following illustration of a similar effect which he 
has found in the zinc oxide-ferric oxide system on account of the correlation 
between the formation of the compound ZnO . FogOs and the activity curve. 
Such correlation is only possible at temperatures where the compound is stable 
relative to the ferric oxide and so would not be apparent in the CaO-FegO, 
example given. ZnO . Fe^O^ contains 33*76 % zmc oxide and is capable of dis- 
sohdng ferric oxide at 1400° c. 



Prof. B. Kalling (Domnarvei, Sweden) said : There is one thing of great 
inipoitance that Mr. Fomander has clearly verified in his interesting paper. 
His investigations show that there is no connection between the content of 
manganese and that of oxygen in the steel bath during the bod in the steel 
furnace. That may not be surprising for those familiar with the modem ph3rsical 
chemistry of steelmaking, but the practical steel man, who, since ancient times, 
has had the experience that manganese in the charge is a necessary remedy to 
get a clean steel, has naturally explained this good influence as due to some 
deoxidation poiver of manganese in the furnace during the boiling period. Now 
we know that this is not the case, and w’e have to look for another explanation 
for this, surely over-valued, quality of manganese in the steel bath—a question 
of more technical character -that I will not take the time to enter upon here. 

There is another question in Mr. Fomander's paper : he has found that the 
actusd oxygen content in the steel bath is much liigher than the content in 
equilibrium with the carbon content thus indicating a sluggishness in the carbon 
reaction, probably due to the factors influencing the formation of the CO bubbles 
at the interface between the steel bath and the furnace bottom. This retardation 
of the carbon reaction will surely, in most cases, greatly influence the rate of the 
carbon drop, but I th ink it is misleading to give it too much responsibility for 
the slow boiling rate in the open-hearth furnace in general. The viscosity of the 
slag sometimes seems to be the dominating factor. The diagram in Fig. i illus¬ 
trates the variation in FeO activity from fiie surface of the bath to the furnace 
bottom under conditions that are quite common during the boil in a basic open- 
hearth furnace according to Mr. Fomander's results. This diagram shows that 
the difference between the FeO activity in the slag and that in the steel bath is 
much higher than the difference between the latter and the equilibrium value. 
This must indicate that the transport of oxygen to the steel bath is retarded 
to a great extent by kwk of convection in the slag and, maybe also, in the steel 
baih. As the convection is highly influenced by the viscosity of Ihe slag, this 
factor must be considered as very important for the transport of oxygen to the 
steel and thns for the rate of the carl^n reaction. 

It may also be pointed out that the values of the over-saturation of oxygen in 
the steel which Mr. Fomander has mentioned and which agree very well with 
tlmse found by Brower and Larsen do not seem to be in the same good agreement 
with some other results obtained in Sweden in the study of the acid open-hearth 
process as practised in our country. Table I shows some analytical results from a 
few heats taken from one of the papers to which Mr. Fomander has referred.* 
The figures have been chosen from three heats with very different slag composi- 

* Ref. 19 in Fomander's paper. 
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tions. It is, of course, dangerous to draw any definite conclusions from these 
few figures, but it may be permissible as they are rather representative of the 
results generally found in these investigations. It is remarkable fhat in this 
case the oxygen content in the steel bath is so very low in all the heats. The 
excess of oxygen is about zero. It seems as if the rate of carbon drop has not 
been greatly retarded by the physical conditions influencing the formation of 
the CO bubbles. There can, of course, be some uncertainty in the analysed 
oxygen values. The real oxygen content may be somewhat higher, but there is 
reason for the assumption that the eventual diflerence is very small in this case. 
I tTiink that the very low content of excess oxygen in the acid open-hearth heats 
can be explained in the following way. 
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Tig. I.—Schematic diagram showing FeO-activity during the boiling period in the 

steel furnace. 


An essential feature in the acid open-hearth steel-making in Sweden is the very 
pronounced reduction of silicon in the steel bath at the end of the boiling period. 
It is obvious that this silicon is reduced from the acid furnace bottom and not 
from the slag. The slag has, on the contrary, an oxidising influence on the silicon 
in the steel. There is in this way a stream of silicon passing firom the bottom 
to the slag. This reduction of silicon from the bottom will probably cause a very 
clean and porous hearth that will highly facilitate the formation of CO bubbly 
and thus decrease the excess of oxygen in the steel. This may be a. reason why it 
has been found easier to make a clean high-quality steel in die acid open-heaxth 
furnace in the basic one. Another factor that perhaps has to be taken into 
consideration is that the bottom surface area per ton steel is bigger in a sm all 
than in a big furnace. This will also result in a smaller value of the excess of 
oxygen. 

The composition of the slag in the three different acid heats confirms m an 
obvious way Mr. Fomander’s results that the FeO activity of the slag h^ not 
much influence on the oxygen content in the steel bath. The FeO content in the 
slag in the first heat when the samples were taken is about 27 %, but in the 
second heat with the high manganese slag only 7*6 %. In both cases the excess 
of oxygen is about zero and the rate of carbon drop about the same. That the 
transport of oxygen from the slag into the steel has not been greater in the 
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first heat than in the second must be due to a much higher fluidity of the high 
manganese slag The variation in the FeO activity in the three acid heats is 
illustrated in Fig. 2. 

It is interesting to note that when working with high manganese content in 
the slag in an acid open-hearth furnace it is possible to get about the same 
composition of slag and metal during the boiling as in a Bessemer converter using 
high manganese metal in spite of the much higher convection rate in the 
converter. 


Heat Heat Heat 



TABLE I 

Comparison or Steel and Slag Compositions During the Boil in Some Acm 

Open-hearth Heats 


Heat Xo. 



4 

6 

7 

Steel: C % 



0-55 

0*45 

0*64 

Si % 



0*138 

0*230 

0*136 

Mn % 



0*10 

0*48 

0*14 

0 % . 



0*0040 

0*0065 

0*0055 

Slag: SiOj % • 



54-5 

50-9 

60*1 

FeO % 



26*9 

7*6 

13*8 

Fe A % • 


about 

0*9 

0*0 

0*3 

MnO % 


• 

15-5 

35-61 

15*7 

aia % 


about 

I*Z 


1*57 

CaO % 


about 

0*5 

I -So 

7*20 

MgO % 


about 


2*69 

1*52 

Rate of Carbon Drop : 






§ % C/hr. 


. 

0*28 

0*31 

0*48 

c % X 0 % . 



0*0022 

0*0029 

OW35 

‘‘ Excess ox>'gen % , 


about 

Nil 

0*001 

0*0015 

(FeO} in slag . 


about 

0*25 

0*07 

0*13 

{ FeO } in steel (actual) 


about 

0*020 

0*030 

0*025 

( FeO } in steel (equilibrium) 

about 

0*020 

0*023 

0*020 


Mr* H. WUlners {TroUhaeitan, Sweden) said : I am very impressed by Mr. 
Fom^der’s intezestixkg paper and I think that the experimental data published 
him are a most useful contribution to the clarification of the problems he has 
<Hscuss^. There is just one point on which I do not quite agree with him. 

In his summary he declares rather definitely that the manganese content of 
•fhe charge has no influence on the oxygen content of the bath and on the rate 
<ii carbon drop, but his Fig. 14 does not seem entirely to bear out his statement. 
A rough calculation on the basis of his plots gives the result that the average 
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rate of carbon drop, expressed in o-oi % C per lo min., is about 7*7 for o-o-8 % 
Mn in the charge, but about 8*9 for the heats ^vith more than 1*4 % Mn in the 
charge. This is an increase of about 15-16 % in reaction speed and if any con¬ 
clusions are to be drawn from these plots it should rather be that Mn seems to 
have a tendency to increase the rate of carbon drop, although the oxygen content 
in steel is the same as usual. (See his Fig. 12.) 

If the formation of CO bubbles in the bath is the “ bottle-neck " of the 
reaction, the velocity of carbon drop is a function of 

(1) the so-called carbon and oxygen pressures in the steel, which are deter¬ 
mined by the carbon, viz., oxygen content, and what I should prefer to call 
the specific activity of these elements, i.e., the activity per unit carbon and oxygen ; 

(2) the temperature; and 

(3) the probability of forming nuclei for the gas bubbles. 

Provided that the experimental results are sufficient to allow an interpretation 
h'lg. 12 and 14 show that an increased Mn content in the charge has a tendency 
to increase the velocity in spite of the oxygen and carbon content in the steel 
being the same as usual. That Mn would increase the carbon activity is not 
very likely. From what we know of the influence of Mn on pig-iron and cast- 
iron, and the effect on graphitisation, it is more likely that Mn will decrease the 
sx)ecific activity of carbon instead of increasing it. The influence of temperature 
is, as Mr. Fomander states, stiU uncertain, as too few accurate measurements 
have been made. The influence of Mn on the probability to form nuclei is stiU 
more uncertain ; about that we know practically nothing and every assumption 
is hardly more than a guess. There remains, however, the possibility that Mn 
increases the specific activity of oxygen in iron. 

This is not contradicted by the fact that the rate of carbon drop can be still 
more influenced by other factors, for instance the rate of addition of ore to the 
bath, nor has it anything to do with the experience that, with still higher Mn 
contents in the steel, conditions are so changed Ihat the boiling process will 
slow down, possibly due to what is sometimes called the deoxidising effect of 
Mn. It merely coincides with the well-known experience in the melting shops 
that uf to a certain point Mn is liable to facilitate the oxidation of carbon. 

Until the other factors mentioned above have been more thoroughly investi¬ 
gated we can say, from hir. Fomander’s result, that Mn influences the rate of 
carbon drop in the same way as if it increased the specific activity of oxygen 
in steel, and, it seems to me, we can continue to regard this theory as a reasonable 
working h3rpothesis. 

Dr. F, D. Richardson (J 5 .J.S. 2 ?.d.) {communicated) : The results depicted 
in Fig. 13 of Mr. Fomander's paper are of interest in connection with his view 
that the rate of carbon removal is controlled by the rate of bubble formation 
on the furnace bottom. Bubbles will form most easily at crevices on the bottom, 
which already contain small quantities of gas, introduced either in the fettling 
process or left over from the previous melt. Any tiny gas pocket in such a crevice 
will grow as carbon monoxide is formed at its interface by reaction between 
the carbon and oxygen dissolved in the metal. Growth will continue until the 
pressure of carbon monoxide inside the pocket is in equilibrium with the concen¬ 
tration of carbon and oxygen outside. As the bubble grows, its radius of curva¬ 
ture must, of necessity, decrease until, for a crevice of circular cross-section, the 
bubble becomes hemispherical. Thereafter the radius will increase until the 
bubble finally detaches itself and floats up through the metal, leaving behind 
a residual pocket of g£^ from which a fresh bubble can form. Since the difference 
in pressure between the exterior and the interior of the bubble, due to surface 
tension, is a maximum at the minimum radius of curvature, it follows that any 
particular crevice can serve as a continuous source of bubbles provided the total 
pressure in the bubble, when it reaches the hemispherical condition, is less than 
the carbon monoxide pressure (^co) in equilibrium with the local carbon and 
oxygen contents of the metal. That is, 

pQO = if[C][ 0 ] = I atm. +pBe + ^T/r, 

where ;^Fe is the ferrostatic pressure at the bottom, T is the surface tension of 
the metal and r is the radius of the crevice. 
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For any reasonable rate of elimination of carbon it is essential to have a 
reasonable number of suitable sites acting as bubble starters. For the same 
furnace conditions one would therefore expect the excess value of Pco over and 
above one atmosphere to remain roughly constant throughout the refining 
period. If a line is drawn in Fig. 13 showing the [C] [O] product for an equilibrium 
pressure of two atmospheres at 1600° c., by doubling the values already plotted 
for one atmosphere, tiais can be seen to he approximately the ceise. The hne 
passes through the mean of the points except at the end of the process, when 
the reaction is presumabty slowing down and a smaller number of larger sites 
are acting as bubble starters. It is of interest to obser\’'e that for an iron depth 
of 16 in., a value of pco of 2 atm. as suggested by Fig. 13, and a value of 
1500 dyne/cm. for the surface tension of the liquid iron, r is equal to 4 x io~* cm. 
For a crevice which is not circular, but is a narrow channel, Tjr should be 
substituted for 2T/y in the equation, as the curvature in one direction will be 
negligible compared with that in the other. The shorter dimension of the smallest 
channel crevices functioning in this way would therefore be twice the radium 
of the circular crevice. 


Mr. Malcor {Pans) said : I am very much interested in Mr. Fomander's 
very useful paper. As one of the few steelmakers present at the meeting I would 
like to point out, however, that it is very difficult to draw from experiments 
in steel plants sure conclusions about equilibria. The correlations found between 
two elements by studying the course of a melt are controlled not only by equili¬ 
brium laws but also by relations of a simple stoichiometric nature. 

Let us, for instance, consider a bath of molten steel below a slag composed 
only of FeO and MnO. If both the equilibria of C and Mn were reached we might 
write: 


[C] X (FeO) = K, ; 


at 1600° c., Kx 



0*60 X for C — 0*2 
0-91 : 10“^ for C « 0*7 


[Mn] X 

But we hav-e also : 


(FeO) 

(MnO) 


« Kt ; at 1600® c., iifs = 0*4 x io~®. 


so that 


(FeO) -{- (MnO) — i 
[Mn]A,/[C 3 
I - K,/[C} - 


% 


or 


[Mn]A, 

[C] — A,” * 


Since A, is very small compared to [C] (less than o-oi %), we have 

[p = :^=_£l4_=6o. 

[C] Ki 0*007 
By the same method, we obtain the relation : 


[Mn] X [FeO] = (Lpeo - [FeO]) 

or, as Lpeo > [FeO], 

then [Mn] X [FeO] = -fiC^FeO. 

This means that if both equilibria were reached the manganese content in steel 
would be proportional to the carbon content and inversely proportional to the 
oxygen content. 

With the acid open-hearth practice used on the Continent, conditions arc 
substantially the same but 

FeO -i- MnO = 0*4 


and 

A. = 0-085%. 

Therefore 

[Mn]Ai _ „ 
o- 4 [C]-Jfx 

or 

[Mn] o*4if, 0*4 X 0*085 

[C]—s-sA, Ax “ 0007 “5 

or 

[Mn] 

[C] - 5 * 
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In this case it is well known that the carbon-oxygen equilibrium is not reached ; 
therefore the proportionality of carbon content to manganese content is not 
observed. 

Some months ago, Achard pointed out that in basic electric-arc furnaces the 
carbon and manganese contents of the steel were correlated to a certain extent 
as shown in Fig. i. Before an apparent equilibrium is reached, manganese 


decreases alone ; then both carbon and manganese decrease, the quantity 
being roughly constant. Up to now, no satisfactory explanation of this phenom- 


[Mn] 

[C] 




enon has been found. My only conclusion vdll therefore be that one has to be 
very cautious about the interpretation of theoretical equilibrium laws and it 
would not be safe to assume that there is never a connection between manganese 
and oxygen content of the steel. 

Dr. P. Herasymenko (Sheffield) (cmnmumcated) : The work of Mr. Fomander 
is an important contribution to our knowledge on the carbon-oxygen reaction in 
liquid steel. Although this reaction forms the basis of steelmaking, the pub¬ 
lished information on the composition of steel and slag during the refining period 
in the open-hearth furnace was relatively scarce. With respect to the data of 
slag composition it would be desirable to know the content of ferrous and ferric 
iron in slag instead of the total iron content (expressed as FeO) as reported by 
Mr, Fomander. 

The work of Mr. Fomander verifies the important discovery made by Korber 
and Oelsen** that the carbon-oxygen reactions is essentially a heterogeneous 

»« K6rber and Oclsen, MUt. Kaiser-Wilhelm Inst Eisenforsch I 935 * * 7 . 109. 
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reaction. At the same time Mr. Fomander^s data disprove some exaggerated 
conclusions made by the workers of the Kaiser-Wilhelm Institute. 

Korber and Oelsen have found that the rate of carbon elimination in the 
homogeneous liquid iron is very low and is greatly accelerated by the crystalline 
surfaces such as of solid silica or solid iron crystals. In presenting their results, 
Korber and Oelsen accepted a purely physic^ explanation of the phenomenon. 
They assumed that the primary reaction between carbon and oxygen proceeded 
very fast in the homogeneous liquid steel and the carbon monoxide formed 
remained in supersaturated form. The crystalline substances acted as catalysts 
in the formation of the bubbles of CO. Once the gas-metal interface was formed 
it took over the largest part in the further catalysed evolution of carbon monoxide. 
K6rber and Oelsen laid too much stress on this catalytic effect of gas-metal 
interface, the crystalline substances being described only as the initiators of the 
gas bubbles. This led them to the conclusion that the oxygen content of the 
boiling bath should decrease very soon to a value which corresponds to the 
equilibrium between carbon and oxygen. Mr. Fomander accepts the views of 
K5rber and Oelsen, although his own data as well as earlier results of Brower 
and Larsen do not conform with this theory. If the rate-determining proceb5> 
were the formation of bubbles, then the oxygen content—^which is low at the 
beginning of the boil—should follow the curve of equilibrium with carbon, or, 
in other vrords, the supersaturation should disappear. Fig. 12 of Mr. Fomander & 
work does not show such tendency. In terms of Kdrber and Oelsen^s theory, 
Fig. 12 would indicate that the supersaturation does not decrease in spite of the 
greater opportunity to avoid supersaturation. 

Further, the theory of Korber and Oelsen required that the rapid boil should 
lead to an increased reduction of manganese and phosphorus. The calculations 
of Larsen show that distribution of manganese and phosphorus between slag^ 
and metal is governed by the equilibria of these reactions and not by the rate of 
carbon elimination. Therefore, the purely physical theoiy’' seems to be untenabk. 

It seems to be more justified to accept that the slowest process which deter¬ 
mines the overall rate of carbon elimination is the primary reaction between 
carbon and oxygen atoms. The process requires a high activation energy. The 
crystalline bodies lo\s er this energy- and act as catalysts. The cause of the high 
acti\ation energy is unknown, and the actual state in which carbon and oxygen 
atoms exist in hquid steel needs further experimental investigation. Due to 
comparative slowness of the carbon-oxygen reaction, which proceeds mainly 
on the hearth bottom, oxy-gen in metal reaches its equilibrium value with the 
slag with the same ease as other elements, manganese, phosphorus, sulphur, etc. 
The contents of oxygen in the bath in equihbrium with Ihe slag are lower in 
the presence of carbon than in ** carbonless ” steel, because carbon modifies thv 
physicochemical behaviour of the metal phase and increases the activity of 
oxygen. 

From the investigation of equilibria in the acid open-hearth furnace the 
foHowing values for the activity coefficient of oxygen at various contents of 
carbon can be derived if the activity coefficient of oxygen in ** carbonless 
steel is put equal to unity (Table I), 

TABLE I 

[C] Activity coefficient of oxygen. 

% 

0*0 .. .. .. i-oo 

0*25.I'26 

0-50.1-58 

0-75.1-93 

1-00.2-27 

It has been found in a recent investigation that these coefficients can be applied 
also to oxygen in basic steel. In this work we try to show, on the basis of 
the ionk theory of slag composition, that the equilibrium, Femctai + Ometai = 
Fe+**-siag + O^'siag, determines content of oxygen in steel. It was found that the 

« Herasymenko and Speight {unpublished work). 
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equilibrium ratio of this reaction depends on the content of oxygen ions 
according to the formula, 

ftf* = = A{Oyi\ 

where A is b. constant. By means of this formula oxygen contents in carbon¬ 
less " steel can be calculated from the content of Fe++ and O'^ ions in slag. By 
assuming the validity of the above activity coefficient for oxygen, calculations 
of the content of oxygen in basic open-hearlli steel at various contents of carbon 
are in substantial agreement with the observed values. To our satisfaction we 
find that the data of IVIr. Pomander can be interpreted in the same way. 

Mr. Pomander rightly concluded that attempts to calculate the rate of carbon 
reaction on the assumption that it is a homogeneous process are unfounded and 
could not be successful. The reaction is a typically heterogeneous one and may 
strongly depend on the condition of the hearth surface. We must not, however, 
dismiss entirely the possibility of being able to calculate the reaction rate. It is 
known that the rate of carbon elimination varies within comparatively narrow 
limits in the normal process of steelmaking in the open-hearth furnaces. Thus, 
it is probable that the catalytic efiect of hearth surface can be accounted for 
numerically, if the effect of other physical factors (e.g., temperature) are 
known better and, of course, if the methods of oxygen determination are 
sufficiently exact. 

Mr. F« L. Robertson {Mold, Flints) said: Coming as I do straight from the 
shop, I feel very shy about speaking to scientists. I wish, however, to ask 
Mr. Pomander, a brother steelmaker, a question and my embarrassment goes. 
]VIr. Pomander has come out strongly on the side of those who regard residual 
manganese, during the working and at the end of a charge, to have no effect on 
the oxygen content of the steel. The oxygen content is governed by quite 
different factors. This is a view with which I thoroughly agree and which I 
think follows from the manganese-iron oxide equilibria studies of the last twenty- 
five years or so. There remains, however, the age-long belief among melters that 
a high residual manganese is most beneficial. Prof. Kalling has just shown a slide 
giving, for acid practice, residual manganese, varying from o*i % to 0*45 % Mn. 
To-day, basic steel worked down to o-o6 % carbon is made with o*i % to 0-3 % 
residual manganese. Which is the better steel ? When I started melting some 
forty years ago, we all said the high residual manganese was. Now is this a 
prejudice of ignorant and perhaps pig-headed melters or does it rest on a chemical 
principle ? The effect of the residual manganese on the oxygen content of the 
steel has been cut from under our feet by other workers and now again by 
Mr, Pomander. So if there is virtue in residual manganese, wherein does it lie ? 

In this section, on slags and refining processes, it may not be out of place to 
note the absence of favourable reference to Schenck's text-book. Schenck’s 
book is the only text-book that handles steelmaking by the application of the 
partition law, the law of mass action, and dissociation. He has marshalled a mass 
of observations into a system that lets us do badly-wanted sums on the melting 
stage. The sums work both m acid and basic melting and, to the great assistance 
of the melter, have a surprisingly wide application. That Schenck's system of 
marshalling Ihousands of observations in steel making, may prove insufficient 
and may neglect newer scientific principles that have been discussed at this 
meeting, may be true. All the same may I beg that the Faraday Society does 
not rob us of the first and, still, only shop-applicable text-book on the physical 
chemistry of steelmakmg, without giving to steelmakers another. 

Dr. A. H. Leckie {BJ.S,R.A., London) said: Dr. Carter in his paper has 
summarised the existing data on sulphur and has arrived at a very simple 
equation which may be rearranged as 

[S] = ^ 

It is very important to establish the fundamental validity of this expression 
as it accounts for so many of the phenomena that are observed in practice. 

The problem is to reduce [S] to a low value. The above relationship shows that 
this may be done by reducing [O] and (S) and increasing the activity of the bases 


[ 0 ](S^ 
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MO. In the normal electric furnace process desulphurisation is not a problem 
because in this process, by means of the so-called reducing slag, it is possible to 
attain a very low value of [O]. This is not possible in the open-hearth process, 
where the atmosphere has always a relatively high oxygen potential. Whilst the 
finding of Grant and Chipman, that the range of [O] found in basic open-hearth 
operation does not affect [S], is in apparent conflict with Carter's simple relation- 
above, and also wnth the views of some other investigators, ttiis is not a 
serious matter aftecting the practical application. As Mr. Fomander has 
proved, [O] depends on [C] so that [O] does not represent a degree of freedom 
but is Imrgely governed by the specification of the steel being made. 

Since in the open-hearth process one has little freedom as regards [O], the 
elimination of sulphur has to depend on the other parameters. In practice, the 
steelmaker relies on the increase of slag basicity S{*MO) and whilst this operation 
is effective, it is expensive and somewhat inefficient. Appreciable quantities of 
lime have to be added to the slag-forming materials and not only does this 
require additional time and energy for heating and fusion, but the lime addition 
is not loo % efficient for its purpose. The lime tends to desulphurise the furnace 
atmosphere as well as the metal. The making of low sulphur steel by increasing 
slag basicity is therefore a costly process. There remains the possibility of 
decreasing (S), without decreasing (S)/[S]. 

Apart from the possibility of dUuting the slag by increasing its bulk, which is 
open to obvious practical objections, this means the passage of sulphur from the 
liquid to the gaseous phase within the furnace. Whilst numerous investigators 
have studied equilibria between slag and metal, and between gas and metal, 
information on slag-gas relationships is scanty and further work on slag-gas 
systems would be of interest. If it is possible to secure substantial movement of 
sulphur into the gas phase, the low sulphur steel ([S] below 0*03 %) demanded 
for deep pressing purposes could be produced with much decreased slag bulk 
and at lower cost. The importance of the slag-gas equilibrium is emphasised by 
the fact that if a sulphur balance is prepared, one finds that roughly three- 
quarters of the mass movement of sulphur in the open-hearth furnace system 
occurs in the gas phase. 

This example is an illustration of the argument put forward early in Dannatt 
and EUingham's paper, that the physical chemist should have sufficient knowledge 
of plant requirements and conditions so that his answer may be readily translated 
into practice. It is to be hoped, therefore, that increasing attention will be paid 
to elucidating the conditions under which sulphur can be made to pass from the 
liquid slag to the gas phase within the furnace. 

Regarding Mr. Fomander’s paper, the only item which the writer would 
wish to question is the choice of symbols used. The symbols [X] and (X) for the 
concentration of the elements X in metal and slag respectively have been used 
by steelmaking chemists for some years and may be regarded as accepted. The 
increasing interest being shown in concentrations in the gas phase has resulted 
in the symbol { X} for concentration in the gas phase being used in this country, 
though this symbol has not, perhaps, reached the stage of general acceptance. 
Mr. Fomander uses this symbol for activity in the metal phase, and uses |X[ 
for concentration in the gas phase. 

In view of the desirability of standardisation of symbols, which was particularly 
stressed by Sir Andrew McCance in his opening remarks, some agreement on these 
symbols ^ould be reached as soon as possible. 

The writer suggests that the shape of the brackets should be restricted to a 
description of the phase in which the element occurs, and that the notation 

should be used to denote the activity of X, which should be enclosed in 
brackets appropriate to the phase being considered. The symbol a is generally 
used throughout the papers, and the notation used by Mr. Fomander, if exten¬ 
sively adopted, is liable to result in complication and confusion particularly if 
activity in all tibree phases comes to be considered. 

Dr, F, D. Richardson (B.I.S.R.A.) {partly communicated) : Dr. Carter's 
Fig. 3 and his eqn. (9) sum up our present knowledge of the partition of sulphur 
between iron and tawc slags. Since there appear to be many difterent views 
concerning the factors controlling this partition, it is of interest to consider 
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the ph3^ical significance of this finding, which is, in fact, quite independent of 
the manner in which these liquid slags may be ionised. 

In this discussion I propose to consider only simple silicate slags in which the 
ratio of metal oxide to silica is in excess of that required to convert the whole 
silica network to separate SiO^ tetrahedra, as indicated for fayalite in Fig. 2 
of my own paper. In such slags, therefore, it will be possible to distinguish between 
two types of oxygen atoms, i.e., those attached to silicon and hence part of the 
Si04*"* ion, and diose which are associated only with the metal atoms Ca, Mg, 
Fe, etc., and may reasonably be considered as O*" ions. Dr. Carter’s eqn. (9) 
leads to the equilibrium equation, 

[O] 4" (Sslag) =* [S] 4* (Oslag), 

where (Osiag) and (Ssiag) are unattached to silicon. It follows that sulphur from 
the metal can only enter the slag by displacing oxygen atoms unattached to 
silicon and that the energetics of this displacement are independent of the relative 
proportions of the different metal oxides. It is of interest to see whether this 
now checks reasonably with our present knowledge of the thermodynamics of 
the oxides and sulphides of these metals. If, as suggested by Kheinemann,** the 
data in Dr. Carter’s Fig. 3 are replotted as (Sdag)/(Osiag) against [S]/[ 0 ], the slope 
gives an equilibrium constant for the above equation, which with oiher appro¬ 
priate data, leads to a value of —24*5 kcal. for AG® at 1600® c. for the change, 

JO 2 4“ (Sslag) “ 4“ (Osiag). 

This may be compared with the values derived from thermal data for the following 
reactions involving the conversion of pure sulphides to pure oxides at this 
temperature, 

JO2 4 - CaS JSa 4 - CaO — 217 kcal. 

JOa 4 - Fes JSj 4 - FeO — 20*8 kcal. 

JOa 4- MhS JSa 4 * MnO — 26*6 kcal. 

The similarity between all these values gives full support to the mechanism 
proposed and also indicates that the excess oxygen atoms in these slags act with 
respect to sulphur in the same way as the oxygen atoms in the pure oxides. Sub¬ 
stitution of sulphur for oxygen atoms attached to silicon is doubtless possible, 
but must be energetically uiavourable compared with the other process. 

It has been suggested by Grant and Chipman that two different mechanisms 
may be necessary to explmn the marked effect of the FeO content of slags on 
the high values of (S %)/[S %], obtained under conditions where the metal 
contains veiy Httle oxygen, and the relatively small effect of FeO under the 
more oxidising conditions corresponding to the open hearth. The reason for 
this difference lies, of course, in the fact that addition of FeO to a basic slag 
of a fixed lime/silica ratio has two effects. It causes an increase in the number 
of oxygen atoms replaceable by sulphur, at the same time as it increases the 
FeO activity, and hence the value of [O %] in the equilibrium equation. At low 
FeO concentrations, additions of FeO can bring about little change in the number 
of replaceable oxygen atoms, but can cause relatively large increases in the 
values of [O %]. At higher FeO concentrations, the two effects tend to offset 
one another and the net effect is small. It is of some interest also to consider the 
manner in which the sulphur equilibrium is controlled in acid slags, in which 
there is no stoichiometric excess of oxygen atoms over those required to be 
attached to silicon. The sulphur may substitute for oxygen attached to silicon, 
entering itself into the silicon tetrahedra, or it may substitute for oxygen without 
entering the tetrahedra provided a silicate chain is lengthened at the same time, 
as represented by the equation, 

•- ■ 2(SiO.)S;g + [S] = {Si.o,)li;g + [O] + (s-)dag. 

Alternatively it may enter the holes between the silicon tetrahedra associated 
with an iron cation in a way similar to that in which sulphur occurs in ultra¬ 
marine. The work of Holbrook and Joseph,®® shows that even with acid slags 
oxygen is expelled as sulphur enters, the oxygen in their experiments^being 

»® Kheinemann, Bull. Acad. Sci. U.R.S.S., 1946 (No. 10), 1439. 

*® Holbrook and Jos^h, Trans. Amer. Inst. Min, Met, Eng,, 1936, xeo, 104. 
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evolved as carbon monoxide after reacting with the carbon-saturated iron. 
Although not conclusive their results suggest that the last alternative is not 
important and that attention must be fixed on the first two. Complete equilibnum 
studies on acid slags require to be done before any definite decision can be made. 

With regard to Dr. Leckie’s suggestion concerning the passage of sulphur 
from the metal to the gas phase via the slag, I can say that on thermodynamic 
grounds the process is quite feasible, and might possibly be made of importance 
in the open-hearth furnace. At the slag-metal and slag-gas interfaces the equili¬ 
bria can be represented by the equations, 

[O] + (Sslag) = [S] + (Osiag), 

IO2 + (Salag) = iSj 4- (Osiag). 

The chemical potentials of oxygen and sulphur in the metal and in the gas 
phase are, in general, very difierent. For instance, even when saturated with 
oxygen, the potential in the metal corresponds to an ox^^gen pressure of about 
10-» atm. at 1600® c., whereas that in the gas corresponds to lo-* atm, for 
producer gas 90 % combusted. If secondary complications resulting from this 
great change in oxygen potential are neglected for the moment, it -wdl be recog¬ 
nised that provided the sulphur potentials in the metal and gas do not differ 
by a corresponding amount, a slag in equilibrium with the metal should give 
up sulphur to the gas. Detailed examination of the problem has shown ^at 
even when the body of the slag and metal are not in equilibrium %vith each 
other, transfer should occur provided the sulphur contents for metal, slag and 
gas are reasonable and the degree of combustion of the heating gases in contact 
with the slag is 70-80 %. It can also be said that complications, such as the 
oxidation of the iron oxides at the slag-gas interface, are likely to favour the 
process still further. Whether the transfer is significant depends on kinetic 
considerations, which we are now beginning to investigate. To achieve any 
transfer in practice it is obviously desirable to pre\ ent partially combusted gas 
from striking the slag surface. This can be ^eatly assisted by good port design 
and the use of oxygen to give short flames in oil-fired furnaces. 

Dr. P. T. Carter (Glasgow) (communicated) : The contributions to the Dis¬ 
cussion by Dr. Leckie and Dr. fochardson are valuable in that they clarify further 
the theor}*- underlying sulphur removal in steelmaking. Dr. Leckie has pointed 
out that Mr. Fomander*s work indicates that [O] is not an independent variable. 

I agree substantially with this, although an analysis of Mr. Fomander’s data 
suggests that towards the end of the refining period, i.e., at low [C], [O] is not 
entirely independent of (SFeO). It is unfortunate that it is not possible to 
show vrhether this is due to temperature variations, as temperature measurements 
are not given. The observations of Dr. Richardson give both an excellent picture 
and a more precise thermodynamic background, although the dual role of iron 
oxide in the slag was fully realised and has been pointed out before. 

It is not without significance that, if certain groupings of atoms, e.g. MaSiO^, 
are assumed to exist in the liquid slags, (Sgiag) and (Oaiag) are equal to their 
re^ective activities (or at least bear the same proportional relationship to these 
activities) and that on this basis, basic slags can be regarded as behaving ideally 
when the suljihur equilibrium is being considered. It becomes more significant 
when it is realised that these compounds also exist in the solid slags, and suggests 
that the assumption of such groupings of atoms in the liquid state is not so 
** formal ** as has been stated. 

Dr. Leckie and Dr. Richardson justifiably discuss the importance of the gas- 
phase in sulphur removal. For conditions of complete combustion, sulphur 
will be removed from the slag for all normal sulphur concentrations irrespective 
of the basicity. On the other hand, under less complete combustion conditions, 
the hi^ basicity which increases sulphur transfer from metal to slag also favours 
the passage of sulphur from gas to slag, as shown by the equation (using the 
nomenclature of Dr. Richardson), 

0|9i2g 4" JSj 4“ CO Sgiag 4" COji 


An increase in ba^ity increases (Oju,^). 
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In cases where it is not possible to adjust combustion conditions to give low 
sulphur in the bath, more efficient sulphur removal by the formation of a second 
slag either inside or outside the furnace should not be overlooked. 

Dr. M. Tigerschiold {Stockholm, Sweden) said : Referring to the interesting 
expenments made by Wood T should like to mention some experiments that we 
m^e in Sweden. The coke or charcoal consumption in a blast furnace is very 
much dependent on the degree of oxidation of the ore used. We found that, 
for example, a dense magnetite will be much more easily reducible if it is roasted 
in oxidising atmosphere to almost pure FegOj before being charged in the 
blast furnace. 

We also found that it was very essential to control the sintering process 
so that a highly oxidised porous sinter was obtained. In the blast furnace the 
FCgOa is reduced very quickly at a relatively low temperature. The oxygen 
thus removed leaves pores in the ore which facilitate the further reduction of 
the Feg04 and FeO. The coke consumption is often 20 % or more when using 
a dense magnetite and the same ore in a roasted condition. In my opinion 
this fact is not recognised widely enough, and the sinter produced in America 
as -well as in the great steel-producing countries in Europe very often is much 
too “ hard-burned ” and thus difficult to reduce. 

Sir Charles Goodeve (B.I.SM.A., Lcmdon) said : In concluding the discus¬ 
sion, I will not attempt to summarise but will only give a few of my main 
impressions. The Faraday Society has, true to its traditional policy, gathered 
together scientists with a wide range of interests to discuss a specialised field. 
In addition to experimental and theoretical physical chemists, we have steel 
and other metal makers, metallurgists and theoretical physicists, all talking the 
same language ! 

The fact that a somewhat similar Discussion was held twenty-three years ago 
makes it convenient to assess what has happened in the interv^. At that time, 
the application of the law of mass action was the main theme. This has sub¬ 
stantially given way to free energies and chemical potentials. The volume and 
accuracy of the information available today is very much greater but there is 
need for further simplification in the treatment if this growing mass of data is 
to be usable by aU the people who need it. The intervad has seen the birth and 
growth of the science of reaction kinetics and diffusion, but there is still a great 
deal to be done before this complementary’^ aspect is brought into balance with the 
thermodynamic view^int. In the background of this Discussion, one realises 
also that very big advances have taken place in our physical knowledge of the 
liquid and soUd states. These advances are making possible a fuller development 
of the chemistry of the inorganic reactions of process metallurgy which seemed 
forty years ago to be completely understood. 

This Discussion and its related researches should have considerable repercus¬ 
sions on both physical chemistry and metallurgy. To the physical chemist, 
research in this field is far more than the application of his technique and know¬ 
ledge to a particular set of problems, since it brings with it a widening and a 
modification of his outlook. He is seeing his tools of ttiermodyTiamics and reaction 
kinetics being reshaped and strengthened. Most salutary of aU is the way he is 
forced to re-examine some of his hypotheses whose validity he has taken for 
granted for so long. Stoichiometry now lets him down so often that he must take 
another look at what he means by valency. The ion ” which means something 
real in an aqueous solution takes on a different and perhaps improper guise when 
the solvent is a metal or a molten silicate. Indeed, the concept of fhe ** molecule,*' 
the principal foundation stone of the chemistry of gases ^comes unreliable in 
such systems. The crowning insult comes when we find that a hole or vacant 
site in a solid is as important, especially in diffusion, as an occupied site 1 

Fortunately, the destructive process has only upset those parts of our physical 
chemistry structure where rebuilding will do no harm. We are left with atoms 
which, at the high temperatures often found in metallurgical processes, recover 
a great deal of their individuality. Their closed shells of electrons remain fairly 
inviolate while their valency electrons on the average behave in a maimer which 
is becoming more and more predictable. We have the remnants of molecules 
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sucli as the silicate units in slags, and with such fundamental principles as that 
of overall electroneutrality. In rebuilding with our strengthened tools of thermo¬ 
dynamics and reaction kinetics we have a particularly powerful aid in our 
knowledge of spatial arrangements, ionic radii, etc., derived from X-ray dihruc¬ 
tion patterns. We can look forward to the rebuilding of part of the physical 
chemistry structure on improved lines. 

The metallurgist welcomes the increase in factual knowledge as it enables him 
to reach higher technical achievements and increase the efficiency of his opera¬ 
tions. He welcomes the building of models and basic theorj^ provided these are 
not too complicated for a non-specialist to grasp. The metallurgist is faced with 
increasing demands for purer metals which means he must “ dig down *’ to lower 
chemical potentials to remove the impurities. He is faced with the need for more 
precise control of important alloying elements; this requires better control 
of his processes and he looks to the physical chemist for help, 

I wiU close with one final impression. The Discussion 23 years ago was 
exclusively concerned with iron and its alloj^ing elements. This Discussion has 
broadened considerably into copper, magnesium, aluminium, zinc, etc., but still 
the balance is much on the ferrous side. This is surprising when it is remembered 
that the non-ferrous metals have been the chief materials of interest to the 
metal physicist. It is to be hoped that one of the repercussions of this Discussion 
will be to bring physical chemistry more strongly into the non-ferrous field. 
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